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Preface 


A research program in high energy physics at electron-positron collisions aiming at Te V energy re

gion physics was first recommended by the Japanese High Energy Physics Committee in 1986, as a 

long-term project in the post-TRISTAN era. In Japan this recommendation initiated a systematic 

accelerator R&D program centered at High Energy Accelerator Research Organization (KEK).1 The 

accelerator R&D work by KEK, in collaboration with a number of universities and laboratories in and 

outside Japan, has produced a series of encouraging results during the past ten years. 

In the meanwhile, recent high-precision measurements of masses of ZO and W± particles have come 

to strongly suggest the Grand Unified Theory of the Strong, Weak and Electromagnetic interactions 

based on Supersymmetry (SUSY GUT). SUSY GUT predicts that the mass of the Higgs boson that 

is responsible for the electroweak symmetry breaking should be below 150 GeV. In addition, SUSY 

GUT postulates the existence of supermultiplets, and thus the existence of superpartner particles 

for all known elementary particles, leading to a great possibility of a new and rich class of particle 

spectroscopy to be studied in the O(TeV) energy region. 

With notions on future directions of high energy physics research, including the serious likelihood of 

the validity of SUSY GUT or other scenarios, a consensus has by now widely grown in the world high 

energy physics community that complementary experiments at pp and e+ e- collisions which explore 

the sub-TeV to TeV energy range would provide a solid and balanced strategy for reaching the new 

frontier in the field of high energy physics research. As for pp experiments, the construction of the 

LHC in Europe has already been authorized. Thus, an early construction of a corresponding e+e

collider is a remaining world-wide issue. 

In Japan, the research programs at TRISTAN (ECM '.::::' 60 GeV electron-positron collider) were 

IOn 1st of April, 1997, KEK, formerly known as "National Laboratory for High Energy Physics" is newly established 
as "High Energy Accelerator Research Organization" by a cabinet decree. 
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concluded in 1995. Currently, the construction of a high-luminosity asymmetric B-factory, called 

KEKB, which reuses the accelerator tunnel and other infrastructure inherited from TRISTAN, is 

vigorously proceeding. It aims to start initial runs in late 1998. Thus, the successful completion and 

operation of KEKB is the immediate highest priority task for the Accelerator Laboratory of KEK at 

this moment. However, efforts for a realistic design of a 500 Ge V-I Te V scale electron-positron LC 

is another clearly identified task that has strong support by the entire high energy physics community 

in Japan towards the early 21st century. 

This report, "JLC Design Study," was prepared in this context. The Design Study presents a collection 

of survey work that has been conducted towards the design and construction of an electron-positron 

linear collider (LC), which will allow immediate studies of 250 to 500 Ge V energy region, and is energy

extendable to the 1 TeV region, by the JLC Group in Japan. It aims to serve as a reference document 

that summarizes the results of the past accelerator R&D efforts and that presents a fundamental 

conceptual design of a realistic LC in a coherent single-volume form. Attempts are made to present 

major technical and theoretical milestones that have been achieved so far, and to identify the remaining 

key issues that will have to be addressed in the near future. It is expected that this Design Study 

will become a basis for more advanced conceptual and engineering LC design work in the next several 

years. 
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8 1. Introduction 

1.1 Project History, Background and Goal 

R&D on e+e- linear colliders (LC) in Japan started officially in 1986, in response to a recommendation 

by the Japanese High Energy Physics Committee. Until that time, several possible options were being 

considered for the main acceleration mechanism of a linear collider. However, after some discussions 

it was decided to select the conventional rf linac approach using beam pulses with multiple bunches. 

The desired center-of-mass energy was to start with 500 GeV and eventually to reach,:::: 1.5 TeV; also, 

an rf system at 11.4 GHz (X-band) was chosen for the main linacs to achieve this goal [1]. 

Starting in 1992, as the Japanese physics community became increasingly interested in lower center-of

mass energies (ECM), two alternate lower rf frequencies for the main linacs, namely 2.9 GHz (S-band) 

and 5.7 GHz (C-band), were also chosen for consideration. They are reported in [2]. Some parameter 

surveys were conducted, and pilot design studies were made. 

However, the bulk of the hardware development for the main linacs has remained focused on X-band 

technology. This has in part been due to the limited resources, and due to the strong desire to obtain 

good perspectives of the required technology by consistently pursuing an initially chosen scheme. 

This work has been continuing up to now in parallel with the construction of the Accelerator Test 

Facility (ATF) at KEK, which is an accelerator complex that includes a multi-bunch-capable gun and 

a buncher, followed by a 1.54 GeV S-band linac and an ultra-low emittance damping ring prototype. 

Formal hardware R&D of the C-band scheme started later in 1996 as the development of a realistic 

back-up technology for the main linacs. While the operational experiences of multi-bunch acceleration 

are being accumulated at the S-band ATF linac, more advanced studies on the S-band linac technology 
for JLC are currently limited to its application in the injectors, bunch compressors and pre-linacs. 

Many discussions have taken place in the Japanese high energy physics community during the past few 

years on the energy range to be targeted by the LC. The present "Action Plan" [3] by the Japanese 

High Energy Physics Committee requests to aim at an ECM range of 250 500 GeV as the first phase 

of the project for the discovery of a light Higgs boson and studies of the top quark; eventually an effort 

will be made to reach the Te V energy region as the second phase for studies of particles predicted by 

SUSY GUT or other phenomena. 

Equally important is the time-scale of the project. Driven by the desire to conduct high energy physics 

experiments at JLC within the time frame concurrent with that of LHC, the "Action Plan" calls for 

starting construction of LC in the year 2001 [3}. To be compatible with this schedule, the "Action 

Plan" asks to complete a basic design of the LC by early 1997. One of the main purposes of this JLC 

Design Study is to respond to this specific request. 

The "Action Plan" also points out the need for the construction of the LC by an international orga

nization. It is naturally anticipated that the real engineering design of the LC be carried out in some 

form of an international collaboration, and various technological ideas and schemes will be brought in 

from laboratories outside of Japan. As such, the JLC Design Study group feels that it is essential to 

JLC Design Study, April, 1997 



9 1.1. Project History, Background and Goal 

document the present design scheme conceived by this group in a coherent reference form, so that more 

specific discussions on the design details with future collaborators can be conducted in an intelligent 

and productive way. 

To reiterate, the salient points that are binding in this Design Study report are summarized as follows: 

1. 	 The project goal of the LC accelerator construction is to provide the best research facility for 

conducting experimental research in high energy physics at e+e- collisions at initial ECM of 

around 250 - 500 GeV in phase-one, and eventually at around 1 TeV in phase-two. 

2. 	The phase-one accelerator construction is desired to be started in '2001. Consequently, the 

technology choices to be adopted in the LC design need to be sufficiently realistic, reliable and 

affordable within this time frame. Specifically, for the main linac design we consider the X-band 

technology with realistic peak rf power specifications to be the main scheme, and will focus on 

it. 

3. 	 The transition from the phase-one to phase-two should be adiabatic. This is so that an accel

erator complex with a reasonably long life-span can be proposed in a persuasive way, without 

compromising the time-scale goal for the initial phase-one operation. 

4. 	 Due to the amount of remaining technological issues to address, and due to the ambiguities 

of their outcome, presenting a total project cost estimate is not yet possible, nor adequate, at 

this moment. Therefore, it will not be done in this Design Study Report. Rather, this report 

focuses on presenting the design scheme of the LC that is currently conceived by the JLC Design 

Group, while showing major research milestones that have been achieved so far, and identifying 

the issues and tasks that need to be attacked in the near future. The goal here is to present a 

concrete basis for more advanced design work to be carried out in the next several years. 

5. 	 We treat the C-band main linac design as a back-up scheme, and, thus, give some serious 

thoughts to this possibility. The whole system designs of the X-band and C-band JLC are 

mostly similar, except, of course, for the main linacs. Another important difference between the 

X-band and C-band JLC system designs lies in the bunch compressors and pre-linacs. This is 

due to the fact that the required bunch length in the X-band main linacs is 90 /-lm, while that 

in the C-band main linacs is 200 /-lm. However, due to the limitation of time and manpower 

resources, in this report, no study results on C-band-specific designs of the bunch compressor 

and pre-linac systems are given. 

Some discussions exist concerning the project name "JLC" which originally meant "Japan Linear 

Collider." It has been pointed out that if the project is to be carried out within the framework of an 

international collaboration, it would be worthwhile reconsidering the use of a country-specific word, 

"Japan," even while our primary goal is to have this machine built in Japan and the continued efforts 

would be made towards that. The accelerator study group responsible for this Design Study considers 

that it is the task of the Japanese high energy physics community and the leadership of KEK to 

examine the situation and to make a revision of the project name if and when doing so is found to 

JLC Design Study, ApriL 1997 



10 GnaDter 1. Introduction 

Fundamental Parameters 

Main accelerating frequency ir! 11.424 GHz 

Number of particles per bunch N 0.70x 1010 

Number of bunches per pulse mb 85 

Bunch spacing tb 1.40 nsec 

Repetition frequency irep 150 Hz 

Normalized emittance at damping ring exit ,",(cx/,",(Cy 3x 10-6 /3x 10-8 m·rad 

R.m.s. bunch length {Jz 90 J.Lm 

11ain Linac 

Nominal accelerating gradient Go 73.0 MV/m 

Effective accelerating gradient Ge!! 55.6 MV/m 

Injection energy E inj 10 GeV 

Klystron peak power 67 MW 

Required klystron output pulse length 750 nsec 

Assumed efficiency from AC to structure input 28 % 
Peak power into a structure 130 MW 

Structure length 1.31 m 

Single-bunch full energy spread after off-crest correction 0.30 % 

Table 1.1: A shortened table of parameters for the X-band JLC which are independent of the beam 

energy. For a more detailed table, see Table 2.1 in Chapter 2 (next chapter). 

be appropriate. For now, throughout this Design Study the word "JLC" is meant to be the code

name for the electron-positron linear collider design that is conceived by this study group. When the 

next-generation electron-positron linear collider designs need to be collectively named, a generic term, 

"LC," will be used. 

1.2 Outline of the JLC Design 

Figure 1.1 shows a schematic layout diagram of JLC. Table 1.1 and 1.2 give a shortened version of 

parameter set that are relevant to the X-band JLC. A full parameter set will appear as Tables 2.1 in 

Chapter 2. 

As shown in Figure 1.1 the electron beam is to be created by either a thermionic gun, and rf gun or 

a laser-driven photocathode gun which can produce polarized electrons. The positron beam is to be 

produced from a 10 GeV electron beam that is accelerated by an S-band linac and that impinges on a 

target. Both electron and positron beams are supposed to consist of multi-bunch trains for maximizing 

the luminosity for a finite power efficiency in linac operation. The electron beam is injected directly 

into a damping ring, whereas the positron beam, having a larger emittance, must first be "cooled 

JLC Design Study, April, 1997 
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12 Chapter 1. Introduction 

Center-of-mass ECM 250 500 1000 GeV 

Active length of each main linac Lace 2.07 4.33 8.81 km 

Number of klystrons per beam 1052 2200 4482 

Number of structures per beam 1578 3300 6726 

Wall-plug power for two linacs 55 115 234 MW 

Number of particles per bunch N 0.7 0.7 0.7 X 1010 

Assumed normalized emittance 1'£; 3.3x10-6 m·rad 

1'£; 4.8x 10-8 m·rad 

Beta function at IP /3; 10 mm 

/3; 0.10 mm 

R.m.s. beam size a*x 367 260 184 nm 
a*y 4.43 3.14 2.28 nm 

Crossing angle (full angle) ¢cross 8.0 mrad 

Disruption parameter Dx 0.106 

Dy 8.81 8.79 8.57 

Average energy loss by beamstrahlung hBS [1.54] [4.40] [9.90] % 
Average number of photons per electron n-y [0.83] [1.12] [1.43] 

Maximum Upsilon parameter Imax [0.119] [0.336] [0.950] 

Geometric luminosity reduction factor Hgeo [0.855] [0.855] [0.855] 

Pinch enhancement factor HD [1.581] [1.585] [1.599] 

Luminosity .c [4.13) [8.28) [16.72) 1033 /cm2/s 

Table 1.2: A shortened table of parameters for the X-band JLC which are dependent on the beam 

energy. The numbers in brackets [ 1mean that the values are quoted in the case where crab-crossing 

is used at the interaction point. For a more detailed table, see Table 2.1 in Chapter 2 (next chapter). 

down" to an invariant emittance of 1'€x ..:::: 10-4 m in a pre-damping ring. 

The beam energy of the damping rings has been chosen to be 1.98 GeV and the equilibrium emittances 

are, respectively, 1'€x 3 x 10-6 and 1'€y 3 x 10-8 m. The damping is provided mainly by a long 

wiggler section and the small emittance by arcs with a FOBO lattice. 

The rv 5 mm-Iong bunch from the damping ring is compressed to 90JLm by a two-stage bunch com
pressor consisting of rf sections, chicane sections and an arc. The first stage bunch compression takes 

place immediately downstream of the damping ring at 1.98 GeV. Adequate spin manipulation sec

tions are incorporated to support physics runs with polarized electrons. The 8 GeV pre-accelerator 

linac is based on S-band technology. The second-stage bunch compression takes place at the energy 

of 10 GeV. The energy spread at the exit of the entire bunch compression section is approximately 

1.3%. 

To make the total length of the facility reasonably short, the unloaded gradient in the main linac is 

set to be high in as much as realistic rf technology is considered to allow: 40 MV1m for C-band and 

73 MV1m for X-band. The beam-loading is approximately 25 % . Constant-gradient structures will be 

JLC Design Study, April, 1997 



13 1.3. Organization of the Design Study Report 

adopted for the C-band and detuned structure for the X-band. Pulse compression will be achieved by 

one of, or a combination of, three alternate schemes, namely two-port SLED, SLED with disk-loaded 

energy storage cavities (SLED-III) and DLDS. The transient beam-loading will be compensated by 

structures using frequency-shifted cavities, stagger-timed triggering klystrons, or by modulating the 

rf phases of a pair of klystrons whose power is combined to drive a set of accelerating structures. 

The current JLC design with the X-band main linacs has adopted the same accelerating gradient 

(after subtracting the beam-loading effects, Gel I 55.6 MV1m), independent of the target center-of

mass energy. This means that the organization of individual power units will not undergo any major 

conceptual changes as energy-upgrades from ECM 250 GeV up to 1 TeV are performed. There, 

the length of the linacs is simply extended in proportion to the target energy, introducing additional 

power sources, power distribution systems, accelerating structures and associated linac beam-line 

components. 

The scheme of the currently considered high-power klystrons and high-precision accelerating structures 

is such that, if they come to sufficiently mature in the next several years, they are quite adequate for 

building a linear collider which can eventually reach ECM ,...., 1 TeV within a reasonable site length 

below 30 km. If a land of this size is, indeed, available as the site of JLC, in the initial stage of 

operation with ECM = 250 ,...., 500 GeV, the simplest solution would be to use a bypass beam line 

along the main linac tunnel to deliver the relatively low-energy beams to the interaction region, while 

the linac extension work is in progress during the machine down time. While this type of details on 

the construction scenario need to be carefully examined in the near future, a more immediate task is 

to investigate the technical feasibility of the fundamentals of the X-band linac hardware organization 

in conjunction with the related beam-dynamics issues; and that is the focus of this design study. 

The beam delivery system consists of so-called "big bends," collimators and the final focus system. 

The first two are inserted in order to reduce beam-induced background at the experiments. The "big 

bends" also make it possible to have two collision points, one of which may be used for collisions other 

than , such as "Y-e and "Y-"Y. The final focus system is based on a two-family non-interleaved 

sextupole scheme and is designed to give a final spot size (O'~ x 0';) as small as 260 nm x 3 nm in 

operation with ECM 500 GeV. 

More detailed parameters are tabulated in Table 2.1 and 2.2 of Chapter 2 (next chapter). 

1.3 Organization of the Design Study Report 

The organization of this design study report is as follows. 

After this introduction (Chapter 1), Chapter 2 summarizes the basic machine parameters in the JLC 

designs for cases where the main linacs are based on RF technologies of X-band and the C-band 

frequencies. Rationale for the choice of various parameters, such as the bunch length, emittance, 
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14 Chaoter 1. Introduction 

beta-function values at the interaction point and others, is given. 

Chapter 3 presents the design of multi-bunch-capable electron sources (both unpolarized and polarized 

electrons). It covers the region that starts with the electron gun, going through the bunchers, and 

injector linacs up to the entrance of the damping rings. 

Chapter 4 treats the design issues of the positron source. After a brief discussion on the 10 GeV linac 

that accelerates electrons to impinge on the positron production target, a conceptual design of the 

positron production system is presented. It is followed by a discussion on the 1.98 GeV positron linac 

and a positron pre-damping ring which damps the positron emittance to the level that is acceptable 

for the positron main damping ring. 

Chapter 5 discusses the design of 1.98 GeV damping rings. Advanced design ideas are given based 

on experience being accumulated from operation of the ATF (Accelerator Test Facility) 1.54 GeV 

damping ring prototype at KEK. 

Chapter 6 is for the bunch compressor systems and the pre-linac of JLC when its main linacs are built 

based on X-band technologies. The bunch compression is done in two steps; the first step (BC1) at 

1.98 GeV using L- or S-band cavities, and the second step (BC2) at 10 GeV using an S-band linac. 

An 8-GeV S-band linac, called pre-linac, and an arc section are inserted between BC1 and BC2 to 

bring the beam energy up to 10 GeV and to apply a suitable phase-space rotation in the longitudinal 

bunch phase space. A design of the spin-manipulation system to be incorporated near the injection 

and extraction points of the electron damping ring is also presented. 

Chapter 7 through Chapter 11 are dedicated to discussion on the X-band main linacs. Chapter 7 

presents the overall scheme in the X-band linac system design and summarizes the relevant system 

design parameters. Chapter 8 discusses issues related to the beam dynamics in the main linacs, 

followed by evaluation of required tolerances on structure fabrication, hardware alignment and oper

ational conditions. Chapter 9 gives a detailed view on the design and development of the "Detuned 

Structure" as the accelerating structure for use in the main linacs. Chapter 10 presents the design 

and development status of the power-source system, including the modulators, klystrons and the 

power-distribution scheme. Chapter 11 presents some discussions on the main linac support systems. 

Chapter 12 presents the status of development of the design and hardware for the main linacs based 

on the C-band RF technologies, whose work was formally initiated in 1996. 

Chapter 13 discusses the design of the so-called "Beam Delivery," which includes the beam collimation 
sections and the final-focus system. 

Chapter 14 treats the issues related to the interaction region and the detector interface. It evaluates 
the beam-induced background, produced through various mechanisms, to the experimental facility. It 

also presents an idea on the beam-profile measurement technique near the collision point, which takes 

advantages of low-energy electron-positron pairs that are abundantly produced in the beam-beam 

collision. Finally, this chapter discusses the issue of "luminosity spectrum" (differential luminosity 

with respect to the center-of-mass energy). 
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15 1.3. Organization of the Design Study Report 

The use of the second interaction region for studies of 1-1 collision physics is discussed in Chapter 

15. Significant progress has been made during the recent years on understanding of the beam-beam 

interaction issues, including laser-electron interaction and such properties as luminosity distribution 

and beam background. 

Chapter 16 consolidates the development status of beam diagnostic and instrumentation for various 

portions of linear colliders. 

The issues related to the tunnel facility for JLC are discussed in Chapter 17. Several tunnel excavating 

techniques are examined. 

Finally, Chapter 18 attempts to present the remaining tasks in the areas of R&D and design improve

ment of JLC, which are required to be performed in the immediate future. 
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References for Chapter 1 


[1] 	 International Linear Collider Technical Review Committee Report 1995, G.A. Loew and T. Weiland, ed., 

1995. 

[2] 	 JLC-I, KEK Report 92-16, December, 1992. 

[3] 	 HEP Committee of Japan's Action Plan (May, 1996) in its entirety is reproduced here (Original text is in 

Japanese. Quoted here is an official translation by S.Kurokawa, approved by Chairperson Y.Nagashima): 

1. 	 We aim at the total center of mass energy range of 250-500 GeV as the first phase of the project 

and eventually try to reach the Te V energy region as the second phase. 

2. 	 The LC should be built in the Asian-Pacific region. The institution to carry out the LC project 

should be an international organization and its facilities should be open to the international user 

community. We express our intention to host the project. 

3. 	 We aim at starting the construction of the LC in the year 2001. In order to achieve this goal, we 

should complete the basic design of the LC by early 1997 or by the end of JFY1996 and then 

proceed to a more detailed design. 

4. 	 The ATF (Accelerator Test Facility) currently under construction at KEK should be fully utilized 

in order to identify technical issues with respect to the LC. R&D on the main linac will be centered 

on the X-band system, whereas R&D on the C-band system will be strengthened as a realistic 

backup technique. 

5. 	 An "LC project office" should be established within KEK to lead the project. An "LC Project 

Council" consisting of representatives from both universities and KEK will steer the project in 

close collaboration with the LC project office. 

6. 	 We should aim to build a new "International Accelerator Center" (name tentative). For its realiza

tion and also in view of a possibility that KEK could be expanded and converted to an international 

organization, an initiative should be promptly taken to further internationalize KEK. 

[4] 	 Zeroth-Order Design Report for the Next Linear Collider, LBNL-PUB-5424, also SLAC Report 474 or 

UCRL-ID-124161, May 1996. 
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Table 2.1 summarizes the basic parameters of JLC when its main linacs are based on X-band technolo

gies. The parameters that depend on the collision energy are given for three center-of-mass energies: 

250, 500 and 1000 Ge V. 

2.1 Beam Parameters 

2.1.1 Beam Structure 

The electron/positron beam in the present design consists of a bunch train that is made of mb = 85 

bunches per pulse. A bunch, separated by tb = 1.4nsec (16 buckets), contains N = 0.7x1010 particles 

each. The repetition rate of the machine is maximum 150 Hz. Some numerical juggling of the 

parameters, such as (N, mb, tb), are still possible (by a factor of two or so), while maintaining essentially 

the same luminosity. However, many factors impose constraints on the choice of these parameters: 

• 	The total beam-loading is mainly determined by mbN and to some extent by mbtb. 

• 	The beam-loading per unit time, which must be small enough for loading compensation, depends 

on N/tb. 

• Single-bunch collective phenomena such 	as bunch-lengthening in the damping ring and the 

single-bunch transverse blow-up in the linac, is related to N. 

• 	 The cure for multibunch beam breakup in the linac by means of the detuned structure mainly 

depends on mb. (The total frequency spread is proportional to l/tb and the frequency interval 

to l/mbtb. Thus, the number of different frequencies is proportional to mb.) 

• 	The limitation of the positron production comes from the pulse charge, mbN. 

• 	The required response time of fast monitors, which discriminates each bunch or a fraction of the 

whole pulse, is proportional to tb or mbtb. 

• 	 The beamstrahlung at the collision point is determined by N. 

• Finally, the luminosity is proportional to mbN2. 

One of the problems of the present parameter set is the cure of the multibunch beam breakup by 

the simple detuned structure does not seem to be enough. A design with halved mb, doubled tb and 

N larger by factor of V2 gives essentially the same luminosity performance as the present design 

except that at high energies (ECM '" 1TeV) the present design is better because beamstrahlung is 

less serious. The problem of the multi bunch beam breakup should better be solved by the detuned 

structure with interleaved frequency distribution or by the damped detuned structure. 

JLC Design Study, April, 1997 



21 2.2. The lVlain Linac 

2.1.2 Bunch Length 

There is no wide range of possible bunch lengths az. A short bunch length below", 80j.Lm would help 

to reduce the transverse wake in the linac and to increase the luminosity, if /3~ can be reduced at the 

same time. However, the design of the bunch compressors will become very difficult. On the other 

hand, a a z longer than '" 100j.Lm will degrade the luminosity, because of the hour-glass effect at the 

interaction point (IP). 

2.1.3 Emittance 

The design (normalized) emittance at the exit of the damping rings is ,CX 3x 10-6 and ,Cy 

3x 10-8 rad·m. These values were set several years ago, when systematic studies on the linear collider 

design were started, and have been fixed, considering the design of the damping rings. 

According to the results of later design studies of the damping rings, ,Cy 3x 10-8 rad·m appears 

to be feasible. This should be verified in experiments at ATF of KEK. If it turns out to be the case, 

making use of better emittance values will become a more important issue; in that case, the direction 

of the parameter revisions will be to relax the focusing system for the quad misalignment tolerance 

and to make aj).. larger in order to reduce the wake. 

2.2 The Main Linac 

2.2.1 Accelerating Gradient 

Since several years ago, the trend concerning the accelerating gradient of the X-band main linac has 

been set to a relatively high value (unloaded gradient ",70 l\1V jm, loaded gradient ",50 MV jm).l The 

fundamental reason for the high gradient is the desire to keep the entire facility within an acceptable 

site length, which is considered ",30 km or less. 

In order to achieve a high gradient with a relatively small number of components, we had demanded 

klystrons of very high power exceeding 100 MW. With the observation of the present status of klystron 
development we have decided in this design study report to relax the peak-power requirement by factor 

of two, and, instead, to combine the outputs of two klystrons, leaving a possibility that higher-power 

klystrons may be used at a later stage. 

The high gradient allows the iris aperture radius of the accelerating structure to be relatively small, 

aj).. '" 0.16, as a weighted average over the structure. This is to be compared with the aperture in 

IThe JLC-I report is an exception where technologies immediately available were demanded for the comparison with 
other possible frequency ranges. 
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the JLC-I report, a/A rv 0.18 at Go = 40MV/m. 

Actually, the above-mentioned requirement on the site length imposes a constraint on the gradient 

only at the highest target energy. The choice of gradient at lower energies in earlier stages is, in 

principle, a separate problem. It may in fact be a reasonable strategy to adopt a lower gradient at 

lower energies with a lower peak power of the klystrons. 

However, once the structure design is fixed, the charge to be contained in each bunch should be 

approximately proportional to the gradient. This is so as to maintain the relative beam-loading and 

the structure alignment tolerance within a reasonable range. Therefore, if one reduces the gradient by 

a factor of 1/V2, the luminosity will be reduced by a factor of 1/2. Some portion of this reduction can 

be compensated for, for instance, by adopting a smaller horizontal beta value at the IP. Reducing the 

IP beta for the lower energy operation is not a serious difficulty from the stand-point of beam optics. 

However, in any case, such remedies are also possible at high gradient; thus, the "luminosity scaling" 

with respect to the accelerating gradient still remains valid. In summary, once the structure designs 

are given and fixed, it is reasonable to consider that the available luminosity will be proportional to 

the gradient. 

Thus, we have come to adopt the same accelerating gradient independent of the target energy, meaning 

that the linac length must be made larger in proportion to the energy. As a side note, going back to 

a lower energy after construction of the full-length linac is another issue, which has not yet been fully 

examined. The use of a bypass beam line is a possible solution. 

A consequence of the energy-independent gradient is that the alignment tolerance of structures is 

almost independent of the energy. Only a minor revision to this scenario is that if the emittance 

increase is to be maintained at the same level for both 500 Ge V and 1 Te V operation, the tolerance will 

be slightly tighter at higher energies, because of the increased number of units. Another consequence 

of this "constant gradient strategy" is that the beam structure (such as the charge per bunch, charge 

per pulse) will be independent of the energy. 

2.2.2 Injection Energy to the Main Linac 

The beam energy at the injection point to the main linacs in the JLC-l design was E inj = 20GeV. 

However, after recent studies on the bunch compressor design and on the beam blow-up at the low
energy part of the main linac, we changed the injection energy to 10 GeV. Since the full design of the 
intermediate !inac still requires much work, this choice remains tentative at this moment. 

2.2.3 Pulse-Compression Scheme 

We adopt the 4/3 DLDS (Delay Line Distribution System) scheme, meaning the outputs of 8 klystrons 

within the RF power source block are added and cut into 3 pieces in time and distributed to 3 clusters 

of the accelerating structures. An obvious advantage of the DLDS is the extremely low power-loss 

rate. The issues to be addressed are that the RF phase accuracy has to satisfy a tight tolerance on 
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3.2 Polarized Electron Source 

3.2.1 Specifications 

The operating specifications for the polarized electron source (PES) are given in Table 3.2. A beam 

intensity of about 2 x 101Oe- Ibunch, which is equivalent to a peak current of 3.2 A (assuming a 

bunch-width of 700 ps and a cathode area of 3 cm2 ), must be extracted from the source to provide 

1 x 101Oe- Ibunch at the interaction point. 1 The maximum peak current is determined by the space

charge limit of the gun, if the effect of surface charge is not the limitation. The space charge limit will 

be about 30A for the gun, which is designed to operate at 200kV, corresponding to an extraction field 

gradient of 3.2 MV 1m. For a given extraction voltage, the surface charge limit is related to the negative 

electron affinity (NEA) of the cathode surface, and it is considered to determine the practical peak 

current of the gun. The activated NEA surface is extremely sensitive to surface contamination. To 
maintain a good operating condition, an ultra-high-vacuum (UHV) environment with a total pressure 

of rv 10-11 Torr is required around the cathode. 

For the same reason, the creation of contaminants by a field emission dark current induced at the 

high-voltage electrodes must be minimized so as to avoid degradation of the NEA. In practice, the 

average dark current should be kept below 20 nA. The desired 1 Ie decay rate of the quantum efficiency 

(defined as cathode lifetime) is longer than 200 hours for a suitable operational efficiency. The electron 
spin polarization should be greater than 85% for the beam intensity specified in the table. 

3.2.2 Photocathode 

Important parameters for photocathodes operated at linear colliders include: 

1. Electron spin polarization (ESP), 

2. Quantum efficiency (QE), 

3. Extracted current (Ip), and 

4. the cathode life time (T). 

The JLC polarized gun group has been conducting development work on various types of photocath

odes during the past several years. [1]. The maximum electron spin polarization is limited by the 

fine energy splitting of the band structure in the valence band of the cathode crystal. To overcome 

the 50% limitation of bulk-GaAs, several different types of photocathodes have been developed up to 

1Table 2.1 in Chapter 2 assumes 0.7 X 1010e- /bunch at the interaction point. Thus, about a 40 % margin is considered 
here. 
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3.1. Thermionic Electron Gun 

Table 3.1: Parameters of the HV pulser for the thermionic electron gun. 

power output 24MW 
Average power output 8.4 kW 
Maximum pulse voltage 240 kV 
Operating pulse voltage 200 kV 
Maximum pulse current 100 A 
Output impedance 2.4 kO 
Load impedance 2.4 kO 
Transformer ratio 1:15 
Pulse width 7J.lS 
Pulse flat top 3/-Ls 
Maximum repetition rate 150 pps 
Pulse height deviation 

flatness ::; ±0.3 % 
Pulse amplitude drift 

Short term ::;0.2 % 
term % 

3.1.3 Grid Pulser 

A grid pulser is installed on the HV station set up near to the electron gun. Grid pulses are produced 

by gating the output of a 714 MHz signal generator that is synchronized with sub-harmonic bunchers. 

An optical signal transmitter and receiver system are used to transmit 85 cycles of rf at 714 :rvlHz rf 

frequency to the high-voltage deck of the gun HV pulser. A 5 kW rf amplifier amplifies the pulses 

from the EeL level to an rf voltage of 400 V peak-to-peak at the 50 n load impedance. The band 

width of the rf amplifier should be as wide as possible. This is so as to shorten the rise and fall times 

of the pulse. A rectangular pulse a the pulse width of 119 ns is combined into a pulse with a fine 

structure. This is done in order to eliminate any satellite pulses subsisted at the rise and fall of the 

pulse train. 

The beam energy of the gun system is 200 KeVin the normal operating mode. Since the pulse width 

of a beam is 1 ns FWHM, the length of the pulse beam is estimated to be 209 mm at an energy of 

200 KeV. The peak current of a short pulse beam is 3.8 A (2.1 x 1010 electrons/bunch). The flatness 

of each short pulse beam, except for the rising and falling parts, is estimated to be about ± 1% peak

to-peak In order to eliminate any satellite bunches that appear during the rising and falling parts of 

the pulse, a beam-deflector system with a collimator will be installed downstream of the electron gun. 
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3.1 Thermionic Electron Gun 


3.1.1 Overview 

The design of a ,conventional (non-polarized) electron gun for JLC consists of a cathode stem, a HV 

insulator, a vacuum chamber with an anode and magnetic lenses. The cathode stem and Wenelt 

electrode should be made of "Clean Stainless-Steel" to reduce the out-gassing during high-voltage 

operation. 

The diameter of the insulator is chosen to match the ICF253 flange. The length of the insulator is 

360 mm, which is determined so as to avoid HV breakdown in the atmosphere along the outer surface 

of the insulator. The key issue concerning the gun design is the alignment of the cathode, anode and 

magnetic lenses with respect to the beam axis of the preinjector. 

The alignment of both axes of the cathode and anode are realized by a precise machining of the flanges 

at both ends of the insulator. The cathode stem has a mover for a precise alignment of their axis. As 

a result, the axes of the cathode and anode would be aligned within 100 j.Lm. The anode and magnetic 

lenses are fixed on a SUS316L support-block, which is also precisely machined so as to align its axis 

within a mechanical accuracy of 50 j.Lm. The electron gun is installed on a support table equipped 

with a remotely-controlled fine-alignment mechanism. The axis of the beam that is extracted from 

the anode can be aligned by measuring the beam profile in the preinjector so that the beam is injected 

to the axis of the magnetic fields of the preinjector linac. 

The EIMAC Y646-E or Y796 grid-cathode assembly is installed on the cathode stem. Activation 

of the cathode after completing the assembly of the entire system is made by a computer-controlled 

automatic processing system under a vacuum condition at a pressure below 6x10-7 Torr. 

3.1.2 Gun HV Pulser 

The gun HV pulser consists of a 240 kV pulse modulator, a HV station with a grid pulser and a 

control system. Table 3.1 shows the specifications for the HV pulser. The HV pulse is generated by 

the HV modulator with a line-type, 16-section pulse-forming network. A de-Q'ing circuit is introduced 

to stabilize the pulse amplitude with drifting of less than 0.2% within the short term, and less than 

0.5% in the long term. A high-power dummy-load is installed in a pulse transformer to decrease the 

impedance and to reduce the sag of the output voltage. 
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2. Machine Parameters 

Center-of-mass energy ECM 250 500 1000 GeV 

Structures 

Number of structures per beam 2004 4184 5864 

Peak power into a structure 84.3 84.3 165. MW 

Structure type CG Choke-mode 37r/ 4 

Structure length 1.80 m 

Average iris radius / wavelengtha a/).. 0.148 

range (entrance - exit) 0.173 - 0.125 

Average group velocity vg/c 0.023 

Filling time Tf 286 nsec 

Attenuation parameter T 0.53 

Average Q factor Q 9670 

Elastance s 1.95x 1014 n/m/s 

Shunt impedance Rs 53.1 Mn/m 

- Linac beam dynamics 

Off-crest angle for single-bunch ¢rf 14.5 14.5 10.0 deg 

energy compensationb 

Single-bunch full energy spread 0.35 0.35 0.28 % 
after off-crest correction 

Transverse wake at z 2O' z 4.64x1015 V/C/m2 

Structure misalignment tolerance 30. /Lm 

Parameters at the Interaction pointe 

Number of particles per bunch N 1.11 x 1010 1.11 x 1010 1.39x 1010 

Assumed normalized emittance ,e; 3.3x 10-6 m·rad 

,e~ 4.8x 10-8 m·rad 

Beta function at IP /3; //3; 10/0.20 15/0.20 30/0.20 mm 

R. m. s. beam size 0';/0'; 367/6.26 318/4.43 318/3.14 nm 

Crossing angle (full angle, crab crossing) ¢cross 8.0 mrad 

Disruption parameter Dx/Dy 0.373/21.9 0.250/17.9 0.157/15.9 

t Average energy loss by beamstrahlung OBS 2.09 4.09 8.34 % 
t Average number of photons per electron n-y 1.41 1.51 1.73 

Maximum Upsilon parameter Imax 0.0955 0.210 0.506 

Nominal luminosityd £00 3.07 5.02 5.53 1033 /cm2 /s 
Geometric luminosity reduction factore Hgeo 0.863 

t Pinch enhancement factor of luminosity! HD 1.78 1.66 1.60 
t Luminosity9 £ 4.71 7.18 7.65 1033 /cm2 /s 

aweighted by the contribution to the single-bunch transverse wake 
baverage over the whole linac 
(Those with t are results of simulation 
l1.coo = JrepmbN2/41f0';O'Z 
clncludes the crossing angle effect and the hourglass effect 
fHD .c/H geo.coo 
qAssumes that crab crossing is used 
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Table 2.2: Basic Parameters of C-band Collider 

- Fundamental Parameters 

Main accelerating frequency 5.712Jr! GHz 
Center-of-mass energy ECM 250 500 1000 GeV 
Number of particles per bunch N 1.11 1.11 1.39 x 1010 

Number of bunches per pulse mb 72 
Bunch spacing tb 2.80 nsec 
Repetition frequency Jrep 100 100 50 Hz 
Normalized emittance at damping ring exit ,ex/,ey 3x 10-6 /3x 10-8 m·rad 
R. m. s. bunch length in main linac (jz 200. /-lm 

-- Main Linac 

Nominal accelerating gradient Go 40.0 40.0 56.0 MV/m 
Effective accelerating gradienta Geff 31.9 31.9 46.4 MV/m 
Active length of each main linac Lace 3.61 7.53 10.55 km 
Injection energy E inj 10 GeV 

RF unit (number of modulator/klystron/structure) 2/2/4 

- Total Power 

Wall-plug power for two linacs 73.4 153 133 MW 

Total efficiency from AC to structure input 22.6 22.6 35.2 % 
Average beam power for two linacs PB 3.20 6.41 8.01 MW 

- Klystrons and Modulators-

Number of klystrons per beam 1002 2092 2932 

Klystron peak power 50.3 50.3 98.6 MW 

Required klystron output pulse length 2.44 /-lsec 

Efficiency of modulators 1]mod 75 % 
Efficiency of klystrons 1]kly 45. 45. 70. % 

- Pulse compressor 

Pulse compression scheme multi-cell coupled cavity 

Pulse compression ratio 5 

Pulse compression efficiency 67. % 

anet acceleration per structure including single-bunch and multi-bunch energy compensation 
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lowered the injection energy from 20 GeV to 10 GeV. 2 However, what frequency range should be 

adopted for the pre-linac is unknown yet. It might be that C-band can also be used for the pre-linac. 

In this case, a single-stage compressor may turn out to be feasible. Investigations on these issues are 

left for future studies. 

For energies in the range Ec M = 250 rv 500 GeV we will use the same RF system. Above this 

energy we consider an upgrade to the klystron power source to rvl00 MW jtube. This will push up 

the effective accelerating gradient from rv32 MV jm to rv46 MV jm. Together with an extension of the 

linac length by 40 %, we can reach EcM =1 Te V. 

At ECM = 1 TeV or higher we have to reduce the repetition rate to half, in order to limit the total 

power comsumption to below rv200 MW, and we must increase the horizontal beta function at the 

collision point larger by a factor of two. In spite of these facts, the luminosity will be slightly higher 

than at EcM = 500 Ge V, because of the adiabatic damping and the increased number of particles 

per bunch (25 %). The latter is possible because of the increased accelerating gradient. 

2The C-band chapter still uses E inj = 20 GeV so that there is an inconsistency of a few percent between the 
parameter set here and those in the C-band chapter. 
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2.4. C-band Linear Collider 

2.4 C-band Linear Collider 


The possibility of using the C-band for the main linacs has been discussed since several years ago. 

The decision was made in 1996 to pursue R&D of the C-band scheme as a realstic back-up technology 

for JLC, and formal hardware development work was started at KEK. 

The parameter set for the C-band collider is given in Table 2.2 for three center-of-mass energies in a 

manner similar to the case of the X-band table. 

An advantage of the C-band is that various aspects of the microwave technology is expected to be 

substantially easier than that with the X-band. For example, alignment tolerance of the accelerating 

structure is considerably looser. Another issue to note is that the C-band design prefers the choice 

of lower accelerating gradient for maximizing the luminosity per power. This means that the C-band 

design tends to result in longer linacs for a given target luminosity. 

Up to now intensive studies of the whole system have not yet been made. In this report we present 

the recent study of the RF system only. 

Linear collider designs with lower frequency usually assume a greater number of bunches, more par

ticles per bunch, and a larger emittance. However, we do not adopt the last item (larger emittance), 

because the low emittance beam adopted in the X-band design does not look hard to obtain in the 

damping ring, and preserving that emittance in the main linacs is even easier than in the case with 

X-band. Thus, we assume the same emittance as in the case of the X-band. Although the number of 

particles per bunch is larger than in the X-band, the number of bunches per pulse is smaller, because 

the total number of particles per pulse is limited by the positron production rate. The latter has no 

large margin in the present design of the positron system. 

The bunch length is chosen to be 200 pm, twice as long compared to the X-band case. This is required 

in order to compensate for the single-bunch longitudinal wake by using off-crest acceleration. This 

longer bunch, compared with old designs of the C-band, brings about three changes: 

• Firstly, the iris aperture was made larger in order to relax the single-bunch transverse wake-field. 

• 	 Secondly, the vertical beta function at the interaction point (IP) became larger in order to avoid 

the hour-glass effect. 

• Finally, the use of crab crossing at the interaction point became highly desirable, or, in a way, 

inevitable. The luminosity quoted in Table 2.2 assumes that crab crossing is used. 

On the other hand, the beamstrahlung emission at IP is reduced by using a longer bunch length. 

Another change is that the design of the bunch-length compressor will become significantly easier. 

However, we have not yet revisited the design of this part. As in the X-band case, we have tentatively 
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Table 2.1 (continued) 

Energy-dependent Parameters of the X-band Main Linac 

500 1000 GeVCenter-of-mass energy ECM 250 

Active length of each main'linac Lacc 2.07 4.32 8.81 km 

Number of klystrons per beam 1053 2197 4485 

Number of structures per beam 1579 3295 6727 

Wall-plug power for two linacs 55 115 234 MW 

Parameters at the Interaction Pointa 

Center-of-mass energy ECM 250 500 1000 	 GeV 

x1010
Number of particles per bunch N 0.7 0.7 0.7 

Assumed normalized emittance f€; 3.3x 10-6 3.3x 10-6 3.3x 10-6 m·rad 

4.8x 10-8 4.8x 10-8 4.8x10-8 m·rad 

Beta function at IP 	 {3; 10 10 10 mm 

{3~ 0.10 0.10 0.10 mm 

R. m. s. beam size a; 367 260 184 nm 

a~ 4.43 3.14 2.28 nm 

Crossing angle (full angle) <Pcross 8.0 8.0 8.0 	 mrad 

Disruption parameter 	 Dx 0.106 0.106 0.106 

Dy 8.81 8.79 8.57 

t Average energy loss by 6BS 1.34 3.40 6.90 % 

beamstrahlung [1.54] [4.40] [9.90] % 

t Average number of photons n"'( 0.74 0.91 1.04 

per electron [0.83] [1.12] [1.43] 

Maximum Upsilon parameter 	 Tmax 0.114 0.319 0.894 

[0.119] [0.336] [0.950] 

Nominalluminosityb £00 3.06 6.11 12.2 1033 Icm 2 Is 
Geometric luminosity 	 Hgeo 0.646 0.541 0.429 

reduction factor C [0.855] [0.855] [0.855] 

t Pinch enhancement factor HD 1.596 1.566 1.460 

of luminosityd [1.581] [1.585] [1.599] 

t Luminosity £ 3.15 5.18 7.66 1033 Icm2 Is 
[4.13] [8.28] [16.72] 1033 Icm2 Is 

UThe numbers in square brackets are those with crab crossing. Items with t are results of simulation. 

b£00 JrepmbN2/41'1(1;(1; 

cIncludes the crossing angle effect and the hourglass effect 


dHD = £/Hgeo£OO 
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23 2.3. Final Focus System and Interaction Point 

the change of the wave-guide length, and that the system becomes complex when one aims at a high 
compression ratio. 

Another problem, which has not yet been studied fully, is the scheme of beam-loading compensation. 

The so-called staggered timing method (change the timing of fill from structure to structure) seems to 

be difficult, because to change the timing for the structures within one DLDS system independently is 

very hard. The beam-loading compensation and RF phase controls in general might be too 'non-local', 

particularly in the low-energy portion of the main linacs, for establishing adequate operability of the 

machine. We are now investigating two other possibilities, bt.T and bt.F methods. 

2.3 Final Focus System and Interaction Point 

The final focus system is designed such that the same magnet sequence can be used for any collision 

energies up to ECM = 1.5 TeV, except for the needs to replace the last few quadrupole magnets in a 

few steps. The beta functions at the IP are chosen to be ,a;=10 mm and ,aZ=O.l mm. 

The choice of the ,a-function values at the IP is independent of energy up to ECM = 1.5 TeV. For 

energies above ECM=l TeV, ,a; has to be increased in order to reduce the beamstrahlung. This 

naturally decreases the luminosity. An obvious remedy is to adopt a smaller ,a;. However, it will 

require a shorter bunch length to accomplish the desired luminosity increase, and it will impose a 

significant challenge in the design of the bunch compressor system. 

In the present design stage there is a large uncertainty concerning the choice of the number of particles 

per bunch at the IP and the emittances. 

We assumed that the particle loss after the damping ring is negligible as far as the luminosity is 

concerned. The tolerance on the total charge in a bunch train to avoid fluctuation of beam-loading 

is as tight as ±0.5 %. This means that if there is a loss of 10 %, for example, the loss must be stable 

from pulse to pulse within ±5 % of its average value. Although the loss fluctuation in the later part 

of the main linac and the final focus system is more acceptable in this respect, large beam losses are 

more likely to occur upstream. This "stable loss" looks quite unreasonable. We thus assume no loss 

for the luminosity computation. Note that the charge fluctuation before the damping ring should be 

(and can be) compensated for by a feed-forward system that detects the beam current stored in the 

damping ring, and adjusts the RF phases and other parameters in the main linacs. 

A larger uncertainty is associated with the emittance blowup across the entire linear collider complex. 

In the table we assume 10 % increase in Cx and 60 % in Cy from the damping ring exit to the IP. 

One could assume a larger blowup in light of considerations of the operational margins. In fact, 

the actual blowup will be much larger than the above values, at least in the beginning of operation. 

However, we think that it is more reasonable to assume a moderate value of emittance blowup in 

the standard parameter set. If we expect a large emittance blowup, say several hundred percent, in 
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item 

Gun vacuum 

Operating voltage 

Cathode area 

Extraction field 

Maximum field on cathode electrode 

Space charge limit 

Peak current at gun 

N umber of bunches 

Bunch width at gun 

Bunch spacing 

Macropulse repetition rate 

Intra-pulse energy variation 

Gun normalized edge emittance 

Dark current 

Cathode life-time 

Polarization 

;:: 150 kV 

3.0cm2 

3.2MV/m 

~ 5.4MV/m 
"",30 A 

3.2A 

90 

"'" 700 ps (FWHM) 

l.4ns 

150pps 

~1% 

~ 30mm-mrad 

~ 20nA 

"'" 200 hours 

~ 85% 

Table 3.2: Specifications of the electron gun for JLC. 

now. They are categorized into two groups, strained GaAs and super-lattice. The former contains 

strained GaAs, strained GaAsP, strained GaAs with DBR (distributed Bragg reflector); the latter con

tains AIGaAs-GaAs super-lattice, the same super-lattice with modulated doping, and InGaAs-GaAs 

strained layer super-lattice. 

These efforts were assisted by semiconductor physicists of Osaka Prefecture University and of research 

laboratories of Daido-Steel and NEC. Co. They have instruments that can measure the spin relaxation 

time, fabricate the strain GaAs cathodes by the MOCVD method, and the super-lattice cathodes by 

the MBE method, respectively. 

The NEA surface plays an essential role in the emission of electrons from the cathode. The QE is 

mainly determined by the property of this NEA surface. The best-achieved performance of these 

photocathodes in terms of the maximum ESP and the QE at the same laser wavelength that has been 

obtained by us are shown in Table 3.3. 

Polarization QE Ref. 

Strained GaAs on GaAsP "'" 85 [2] 

Strained GaAs with DBR "",85% "'" 1.0% [3] 

Super-lattice (AIGaAs-GaAs) "'" 70% "'" 1.0% [4] 
Strained Layer Super-lattice (InGaAs-GaAs) "'" 90% "",0.05% [5] [8] 

Table 3.3: Performances of different kinds of photocathodes. 
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38 Chapter 3. Electron Source 

In the most recent development it was demonstrated that a polarization of 90% can be achieved by 

the InGaAs-GaAs strained layer super-lattice, as shown in Figure 3.1 [8]. 
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Figure 3.1: Polarization (filled circles) and quantum efficiency (white rectangles) obtained by an 

InGaAs-GaAs strained layer super-lattice. 

We thus consider the strained GaAs and the strained layer super-lattice to be the most promising 

candidates of photocathodes for JLC. This is because of their high polarization, in excess of 85 %. The 

QE of an InGaAs-GaAs strained layer super-lattice is not sufficiently high at this moment, as shown 

in Table 3.3. However, its QE value will be improved by another kind of strained layer super-lattice 

having a wider band gap than that of the InGaAs-GaAs super-lattice. 

The maximum current, extracted from an NEA-activated cathode, is limited by the so-called "surface 

charge limit (SCL)", rather than by the space charge limit[6]. It has been suggested that SCL depends 

on the NEA status, or conditions of the band-bending region, as well as the extraction field gradient. 

The AIGaAs-GaAs super-lattice with a highly p-doped NEA surface showed a higher resistance against 

SCL than that of strained GaAs[7]. Further studies on various ideas for reducing the SCL effect are 

planned in experiments at 100 kV and 200 kV polarized guns. 

The decay rate of QE, defined as the cathode lifetime, is the most important parameter for the 

operation and maintenance of the polarized electron source. A wider band-gap semiconductor cathode 

is considered to have a better lifetime, due to the larger NEA. In this respect, a photocathode with a 

strained layer super-lattice and wide band gap structures is again considered to be the most promising, 

and a study of such cathodes is continuing. 
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39 3.2. Polarized Electron Source 

3.2.3 Gun Design Layout 

A schematic plan view of the polarized gun system is shown in Figure 3.2. This system consists 

of components contained in three distinct vacuum chambers: the gun itself to produce a beam of 

up to 200 ke V polarized electrons; a preparation chamber for heat cleaning and activation of the 

photocathode by successive depositions of Cs and O2; a reservoir to store several spare photocathodes. 

Three chambers are isolated by two gate valves during normal gun operation. Two transporters are 

used to move the photocathodes between them without breaking the ultra-high-vacuum. 

Polarized 200 KV Gun Chamber Activation 
Electron Chamber 

Photocathode 
Transporter 

Photocathodes 

Reservoir 


Photocathode 

Transporter 


Figure 3.2: Schematic of the polarized electron gun system. 

The activation chamber and the load-lock system are indispensable for reducing the increase in the 

rate of the dark current, which is due to repetitive depositions of Cs atoms into the gun chamber to re

activate the NEA surface. An advantage of this design is that the load-lock system is kept connected to 

the gun body at the ground potential. A schematic view of the gun structure is shown in Figure 3.3. 

Its main components are a stainless-steel gun chamber; an anode electrode; a cathode electrode 

supported on a horn-tube that is fixed to the center flange of high voltage ceramics; a replaceable 

photocathode crystal mounted on a transport "pack"; a pair of insulating ceramic segmented into 5 

stages; a high-voltage bushing supported by a 250 kV power supply; and an insulating gas tank filled 

with SF6 . 

A high-voltage of up to 250 kV can be applied to the center of a pair of identical ceramic structures. 

Each ceramic structure is divided into five segments longitudinally in order to reduce the leakage 

current that flows along the ceramic surface. A gun voltage much higher than 100 kV is desirable 
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40 Chapter 3. Electron Source 

for increasing the output electron current with a relaxed space charge limit and surface charge limit. 

However, an improved technology for reducing the dark current is required in that case. 

1200 mm 

Figure 3.3: Schematic of the polarized electron gun chamber. 

Circularly-polarized photons are injected from the left side onto the cathode surface, and the produced 

electrons are extracted in the direction opposite to the laser photons. 

3.2.4 Dark-Current Problem 

Dark currents are caused by field emission from the metal surface of an electrode. It is known that 

if they reach a level of 100 nA, they significantly degrade the photocathode lifetime and irreversibly 

reduce the QE. Thus, the key point for achieving the long lifetime of photocathodes required for stable 

operation of the polarized gun is a reduction of the field emission dark current from electrodes. 

Although there is still no definitive agreement on the nature of emitting sites of dark current among 

researchers, it is considered that the local electric field can be enhanced by several orders of magnitudes 

(defined as a microscopic filed enhancement factor, (3) by the presence of microscopic irregularities 

(pitting and scratches), impurity materials with the non-metallic energy band structures, or dust 

deposited on the surface. 

The JLC polarized gun group has been conducting basic research on the dark-current issue with 

a compact test-apparatus, as shown in Figure 3.4. Here, a test electrode piece is arranged in a 

demountable way, so that a variety of electrodes can be easily tested. The electrodes are made 

of different materials and machined by different procedures of surface treatment and finished by a 

different rinsing method. The geometrical shapes of the elect.rodes are also shown in Figure 3.4. They 
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41 3.2. Polarized Electron Source 

are common to all tested samples. 

The selection of material to build the electrodes is important. It has been demonstrated that a special 

SUS material made by vacuum induction or a vacuum arc re-melting method is useful as the electrode 

materiaL This is because it contains a much smaller amount of non-metallic contamination (C, Si, P, 

S etc.) than the standard SUS-316L material. 

In order to fabricate a super-clean SUS (stainless-steel) electrodes, special methods were developed for 

surface polishing using the electrochemical-buffing method and surface rinsing with ultra-pure water. 

MICRO METER 
& FARADAY CUP 

ELECTRODES 


R24 
 CERAMIC 

R15 

NEG PUMP 

Figure 3.4: Test apparatus used for the dark-current study. 

Measurements of the dark current can be performed in a URV 3 x 10- 11 torr) under various field 

gradients which are set by the electrode-gap-Iength and the bias voltage. The best record taken for 

the sample electrodes made of stainless steel shows that the dark current can be reduced to a level of 

less than 90 pA under a field gradient of 34 MV/ m. 

The microscopic field enhancement factor, /3'-"" 40, was estimated by using a Fowler-Nordheim plot, 

as shown in Figure 3.5, where (a) and (b) were taken at the initial and final stage of " current" 
conditioning, respectively [8] . 

A standard procedure for fabricating stainless steel electrode is expected to be established from this 

study, and will be applicable for not only the DC electrodes, but also for other high-voltage devises. 

The apparatus is now used for a study to reduce the dark current from the copper surface of an RF 

cavity. 
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Figure 3.5: Fowler-Nordl1eim plot of the dark current emitted from the stainless steel electrodes. (a) 

before conditioning, and (b) after conditioning. 

3.2.5 Load-lock and Cathode Preparation Charrlber 

Baking the gun chamber is required for achieving a UHV. Also, a high voltage processing of the 

electrodes is required to reduce the dark current. There, the voltage is slowly ramped up while 

discharges are taking place. Care must be taken, however, since both of these activities tend to 

damage the photocathode. The increase in the dark current from the cathode electrode caused by 

repetitive supplies of Cs atoms into the gun chamber must be also avoided in order to achieve a long 

cathode lifetime. 

The use of activation chamber with load-lock system is an obvious solution to those problems. It 

allows us to remove the photocathode during baking and high-voltage processing, and to replace it 

while maintaining a UHV. The preparation chamber has functions for thermal cleaning, first surface 

activation and the QE evaluation of the photocathode. 

A notable feature of the preparation chamber is an induction heating station with a docking mechanism 

similar to the gun's. A schematic view is shown in Figure 3.6. 

The preparation chamber has provision for making the NEA surface by Cs and O2 deposition. The Cs 

flux is easily controlled by varying the dispenser current, and O2 can be introduced into the vacuum 

through a standard leak valve. The preparation chamber vacuum is provided by a 30l/s ion pump 

with a 100l/s NEG pump mounted on a large bottom port. 
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Figure 3.6: Cathode preparation chamber with an induction heating station and docking mechanism 

3.2.6 Laser System 

The requirements for the laser system are determined by the specifications on the polarized electron 

beam to be produced at the photocathode. The laser-photon wavelength that gives the maximum 

electron polarization depends on the type of photocathode. For instance, it is ",870 nm for strained 

GaAs, and ",740nm for an AIGaAs- GaAs super-lattice. It is thus desirable for the laser system 

to cover the wavelength range from 720 nm to 890 nm. The preferred bunch shape is rectangular, 

since the total charge extracted per bunch is the integral of the peak current, which is limited by the 

surface charge limit properties of the NEA cathode. Thus, the bunch shape should be as rectangular 

as possible. The required laser photon energy flux is determined by the cathode quantum efficiency 

that is assumed to be 0.1 %. A simple calculation shows that it is preferred to be higher than 20j..LJ. The 

laser spot size on the cathode should be made variable during operation. This is so that the saturated 

current can be matched to the required beam current. The specifications for the laser system are 

given in Table 3.4. 

Two schemes are in principle possible for producing the multi-bunch laser beam required at JLC. One 

is to use laser pulses of 126 ns width at a repetition rate of 150 Hz. In this case each pulse is sliced 
into multi-bunches using a Pockels cell pulse shaper. The other scheme is to produce laser light that 

oscillates at a frequency of 714 MHz (1.4 ns spacing) first. Out of these, up to 90 bunches per each 

pulse are retained to form macro-pulses at a rate of 150 Hz. 

No laser systems that meet the specifications mentioned above are readily available at this moment. 

Both schemes should be investigated in parallel as possible candidates. A schematic diagram of a 

laser system based on the latter scheme is shown in Figure 3.7. The mode-locked semiconductor 

diode laser oscillates at 714 MHz, where each micropulse is assumed to have a 100",200ps width. 
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item value 

Laser wavelength 720 nm to 890 nm 
Circular Polarization 2 99.5% 

Bunch train length up to 126ns 

Bunch separation l.4ns (714MHz) or 2.8ns (357MHz) 
Bunch width 700ps 
Bunch photon energy 2 20 J-L J 
Laser spot size on cathode tunable from 10 mm to 20 mm diameter 
Kepe1tltl.on rate 150Hz 

Table 3.4: Laser cpecifications for a polarized electron source. 

The 150 Hz macropulses, which consist of 90 bunch trains, can be created by the pulse-shaping unit. 

Then, a bunch with a width of ",700 ps can be obtained by combining the original micro pulse and the 

delayed pulse by a method of successive splitting and delaying of the original micropulse. The bunch 

energy is then amplified to meet the energy requirement by a multi-pass laser amplifier comprising a 
Ti:Sapphire crystal, which is pumped by a high power Nd:YAG laser system. 

An advantage of this scheme is due to the fact that this laser system can be compatible with the 

future polarized RF gun scheme, since a pulse width shorter than 50 ps can be produced by replacing 

the mode-locked diode laser. However, it should be noted that the technology for a high repetition 

rate diode laser is not yet fully conventional [9] , and some further developments will be required to 

establish this scheme. 

3.2.7 Research and Development Plan 

A number of R&D programs on both the photocathode and polarized gun have been conducted by 

a KEK-Nagoya collaboration. A base-line design of the polarized electron source, as described in 

previous sections, has resulted from such R&D. However, the gun system that can produce a multi

bunch beam has not yet been constructed, and the development of additional technologies is still 

required to achieve the design values needed for a polarized electron gun for JLC. 

Photocathode Development 

Polarization that exceeds 85% and a quantum efficiency higher than 0.3% have been operational 

by photocathodes made of strained GaAs and a strained layer superlattice. The most recent result 

obtained by a InGaAs-GaAs superlattice has been already discussed. 

However, challenging issues still remain: (a) a new cathode structure that can mitigate the surface 

charge limit effect, and (b) a new surface structure that can give a higher stability to the NEA states 
against the adsorption of residual impurities in an ultra-high-vacuum. These studies can be performed 
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Figure 3.7: Schematic of the laser system proposed for JLC. 

using the cathode-test-systems operated at Nagoya Univ. and KEK, respectively. 
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Construction and Beam Experiments of the 200 k V Gun System 

A 100 kV polarized gun is currently being operated with a Ti:Sapphire pulse (5 ns width) laser sys

tem at Nagoya Univ.; it is used for studies of surface charge limit effect using different types of 

photocathodes. 

The design work of the 200 k V gun system has been progressing. It is almost completed, and some 

components of the gun have already been constructed. For example, a cathode preparation chamber 

with heat-cleaning and activation mechanisms (Figure 3.6) has been built, and the first extraction of 

a photo-current was already successfully achieved. 

A key issue in building the 200 kV gun system (shown in Figure 3.3) is considered to be the field 

emission dark current from the cathode electrode. A pilot study to master the techniques of " how 

to reduce the dark current under high gradient DC field" has been continued by the Nagoya-KEK 

collaboration. Some experiments on stainless steel electrodes have already been finished, as explained 

earlier; the obtained techniques will be applied for the fabrication of electrodes for the 200 kV gun. 

After completion of the 200 k V gun system, studies on the dark current and the lifetime of photocath

odes must be conducted under a high gradient 3 MVJm) with a bias of 200 kV. This is to ensure 

the system reliability. 

The evelopment of the laser system must be done in parallel with the gun construction. First, the 

feasibility of the scheme proposed in Figure 3.7, must be established. Then, the key components of 
a 714 MHz mode-locked diode laser system should be built for various test measurements. Important 

topics concerning the study are the available range of the pulse width, which is desired to be as close 

as possible to 700 ps, and stability of the amplitude and frequency for 714 !\11Hz oscillation. If the 

multi-bunch-structure is realized by pulses from the diode laser, these seed pulses will be amplified by 

the conventional multi-pass amplification procedure to meet the energy requirements. 

The 200kV gun system, combined with this laser system, will be able to produce a polarized electron 

beam with the multi-bunch structure required at JLC. It is highly desirable to implement this system 

as the injector of an actual accelerator for studying the long-term stability and other aspects in 

operation. 

Development of Polarized RF Gun 

As an upgraded design of a polarized electron gun, the concept of a polarized RF gun is an attractive 

idea. In an RF gun the field gradient of a conventional DC gun is replaced by a much higher RF-field 

gradient [1 0] . The RF gun has the possibility of significantly reducing the emittance of the beam 

extracted from the gun. These low emittance beams from the gun will greatly mitigate the required 

operating condition of the damping ring, in addition to elimiating the need for a bunching system. 

The simulation results show that the normalized emittance of 1 x 10-6 m-rad for a 1 nC bunch (10 to 

20ps width) can be achieved[ll]. Many laboratories in the world are planning to develop RF guns, 

driven primarily by the needs for FEL's high brightness electron sources. 
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A prototype RF gun assembly with a double Nd:YAG laser system exists at KEK. It was constructed in 

order to investigate its feasibility for the production of a low emittance beam without polarization[12]. 

The laser-driven 3 GHz RF gun has been developed at CERN as an electron source for the CLIC test 

facility (CTF). It can produce a single pulse of 35 nC in 8 ps[13]. However, due to the technical 

difficulties listed below, the feasibility of a polarized RF gun has not yet been demonstrated. 

(a) 	 Survivability of the activated NEA photocathodes 

For the successful and reliable operation of a polarized electron source, the vacuum in the vicinity 

of the NEA cathode must be extremely low, on the order of 10- 11 Torr; thereby the dark current 

generated by field emission and/or RF breakdown must be reduced to an extremely low leveL 

Some interesting results have been obtained at KEK in selecting an appropriate copper material 

and treating it with pressurized ultra-pure water to achieve vacuum levels of 2 x 10 -10 Torr in the 

S-band standing-wave cavity[14]. A surface gradient of 337 MV/m has been achieved without 

arcing or any rise in the pressure in the presence of RF power. A plan to construct an RF gun 

cavity with an extremely low dark current has been started by an international collaboration of 

CERN/KEK-Nagoya/SLAC using such techniques, to demonstrate the survivability of the NEA 

cathode in the RF gun. 

(b) 	 Photoemission response time of the NEA photocathode 

The NEA surface allows the conduction-band electrons to make multiple attempts to escape 

into the vacuum, leading not only to a higher quantum efficiency, but also to a longer response 

time as a drawback. Measurements of response time for a thin layer of GaAsP photocathodes 

were recently made at Mainz, by using a conventional 100 kV gun[15]. The result shows that a 

response time of less than ",30 ps was observed for a 8 fC bunch charge using a laser pulse width 

of 5 ps. 

The JLC injector requirement for the bunch width must not exceed 20 ps, and the response time 

of the photocathode must be less than 10 ps. Therefore, more exact response time measurements 

are highly required for a thin-layer cathode of strained GaAs with a high quantum efficiency 

under the high-intensity beam-extraction condition. 

(c) 	 Peak-current limit of the NEA photocathode 

Studies on the surface-charge effect at SLAC have shown that the charge limitation in a 2 ns pulse 

depends almost linearly on the bias voltage, or equivalently, on t.he extraction field graidient. at 


the surface, although the data were taken in a limited region of t.he field gradient, less than 


1.8 MV/m.[6]. 


The JLC specifiations for t.he beam intensities of the RF gun are 6.4 nC in a 10 to 20 ps bunch 


1.4 ns apart in a train of 126 ns. Therefore, the pulse width is about two orders of magnitude 


shorter than that used by the conventional SLC gun, and obviously t.he surface charge limit will 


set an upper limit on t.he current density extracted from the cathode. This means that the field 


gradient in the RF gun must be sufficiently large so as to overcome this charge limit. In the RF 


gun, the extraction field at the cathode surface is on the order of 100 MV/m, which is about two 


orders of magnitude higher than that of the DC gun. 
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At present, an accurate estimation of the charge limit for the RF gun is not possible, because 

there are no experimental data to measure the pulse-length dependence of the surface-charge 

limit in the 10 ps"-' 1 ns range. Thus, it is highly desirable to conduct such measurements in the 

nearest possible future. 

As another remark, the surface-charge limit is considered to be affected by various parameters 

of the photocathodes, such as the cathode thickness, dopant density, magnitude of the band 

gap, and the NEA magnitude, besides the cathode bias voltage. Experimental studies are also 

required to find a better semiconductor material and/or structure to mitigate the surface-charge 

limit. 
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3.3 Buncher System 


3.3.1 Overview 

The specifications for the 80 MeV preinjector are mainly driven by the energy acceptance and dynamic 

aperture of the damping ring. 

Although the energy spread among multi-bunches will be compensated for by a ±~f energy-compensation 

system in the 1.98 GeV linac, the energy spread within a single bunch is determined by the bunch 

length at the exit of the preinjector. 

The dynamic aperture of the damping ring determines the maximum emittance allowed for the beam 

from the injector linac. Assuming no emittance growth in the 1.98 GeV linac, the specifications of 

the maximum emittance will be applied to the preinjector. 

Table 3.5 shows the required specification of the 80 MeV preinjector. The maximum bunch population 

produced by the 80 :MeV preinjector linac should be 3.0x 1010, allowing for the beam loss to the 

interaction point. 

Beam energy 80 MeV 

Number of pulses 85 

Bunch population 3.0x 1010 

Bunch separation 1.4 ns 

Bunch length (FWHM) <10 ps 

Normalized emittance <3x 10-4rad m (10-) 
Energy spread (Full Width of 90% beam) <1 % (each bunch at 1.98 GeV) 

Table 3.5: Required specifications of the 80 MeV preinjector. 

As shown in Figure 3.10, the preinjector consists of a thermionic electron gun, two sub-harmonic 

bunchers, four single-cell bunchers, an accelerating structure, a matching section of the beam lattice, 

an energy analyzer and beam instrumentation. 

3.3.2 Buncher System for Multi-bunch Operation 

The multi-bunch beam from the gun is extracted by applying an rf voltage to the grid. Due to the 

frequency response of the grid-cathode assembly, the beam has a bunch length of 1 ns FWHM, while 

the bunch spacing is 1.4 ns. As a result, a completely separated multi-bunch can not be produced by 

using the triode thermionic gun system. 
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The buncher system consists of three 714 MHz subharmonic bunchers (SHB), and a 1428 MHz traveling 

wave buncher. In order to realize the bunch length required for the preinjector, beam-loading of the 

multi-bunch is a key issue to be solved. Each bunch contains more than 3x 1010 electrons. Such a 

high current produces a cumulative loading voltage in the bunching cavity, which distorts the cavity 

voltage. To avoid phase shifting of the bunching voltage due to this beam-loading, a new type of SHB 

cavity will be adopted. An SHB cavity is driven by two rf systems. One rf system feeds a 714 MHz 

rf pulse to produce the bunching field in the cavity. The other rf system feeds a pulse at the injection 

of the beam in order to cancel the beam induced field. As a result, all the multi-bunches are bunched 

by the bunching field with both the same amplitude and phase. 

Figure 3.8 shows the configuration of the SHB rf system. To maintain efficient bunching effects, three 

714 MHz SHB cavities are to be installed at optimum Z-positions. A 1428 MHz traveling buncher is 

to be ,installed before the 3 m-Iong 2856 MHz S-band accelerating structure. 

714 MHz RF Amplifier 
for Bunching Field 

714 MHz 
Subharmonic Buncher 

714 MHz RF Amplifier 

for Cancellation 


of Beam Induced F:ield 


Figure 3.8: Schematic drawing of the SHB rf system. 

3.3.3 RF System of the Buncher 

The rf system of 80-MeV preinjector linac consists of six 714 MHz power amplifiers for three SHB 

cavities, a 60 MW 1428 :MHz L-band klystron for a traveling-wave buncher and a 100 1vlW 2856 :MHz 

S-band klystron. Three 715 MHz amplifiers of the SHB's are 20 kW electric-tube amplifiers for 

generating the bunching field. The pulse length is 30 J.lS. Three solid-state amplifiers are used to 

produce 30 kW output pulses with a first rise time for canceling the beam-induced field. The required 

pulse length for the cancellation is slightly longer than 119 ns. The phase and amplitude of the SHB 

cavities are controlled by a low-level circuit at the input stage of the power amplifiers. 
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3.3.4 Accelerator Section 

The accelerator section of the 80-Me V preinjector consists of a 3 m-Iong constant-gradient accelerating 

structure. This is associated with aIm-long accelerating structure for the energy-compensation 

system. The geometrical dimension of the constant-gradient structures is identical to the structure of 

the 1.54 GeV ATF linac. 

When the beam is injected 119 ns before the filling time of the rf power into the accelerating structure, 

the energy spread of 85 bunches is estimated to be 7.1 %, as shown in Figure 3.9. By using an energy

compensation scheme based on the !:1.T technique, the energy spread is reduced to 2.7%. 

Preinjector linac (Energy gain) 

82 I I -." 
o Energy of the bunch (before filling time) 
• Energy of the bunch (after filling time) ... .80 I- •••• 

........ .78 I ..
••..

••......76 ~ .... ...... 
74 "'-- •••••• 

1-"CIao__ •• 
--o°Daaaa •••• 
~ ..... 

DaDaaaaa ••••
72 ~ DaaaDaDa ••• -

Daaaa~_ ••••• 
-~~..... 

70 ~ 
I I I I68 

o 20 40 60 80 

Bunch number 

Figure 3.9: Energy spread of the 80 !vie V preinjector linac. 

3.3.5 Preinjector Instrumentation 

The beam instrumentation of the preinjector consists of current-transformer monitors, wall-current 

monitors, phosphor screen monitors, strip-line type BPMs, optical transition radiation (OTR) moni

tors and a wire scanner. All of the instrumentation is similar to that which has been developed and 

is currently being used at the 1.54 GeV ATF linac. 

The bunch intensity is measured by using an amorphous core monitor and wall-current monitors. The 

beam position is observed by a strip-line position monitor. The OTR monitor and the wire scanner 
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are installed downstream of the 1 m-Iong ECS structure. The bunch-by-bunch beam energy and its 

energy spread are analyzed at a 45-degree energy analyzer magnet and observed by the OTR monitor 

with a fast-gate camera. The bunch length is measured by the OTR monitor with a streak camera. 

A wire scanner is routinely used for emittance measurements. The bunch-by-bunch emittance is also 

obtained from the OTR profile as a function of the strength of the magnetic field of the quadruple 

magnet located upstream of the OTR monitor. 

3.4 1.98 GeV Damping Ring Injector Linac 

The 1.98 GeV damping ring injector linac has to accelerate multi-bunch electrons for injection to a 

low-emittance damping ring. Table 3.6 gives the basic parameters of the beam required based on the 

operation of the damping ring. A multi-bunch consists of a bunch train, each consisting of 85 bunches. 

The bunch population is 1 X 1010 electrons and the bunch spacing is 1.4 ns. A maximum energyrv 

spread of 90 % of the electrons in a multi-bunch is 1.0% full width, and the normalized emittance 

at the end of the linac is required to be less than 1 x 10-4 m·rad (10-). The linac is operated at a 

repetition rate of maximum 150 pps. 

Beam energy 

Bunch population 

Bunches/train 

Bunch spacing 

Repetition rate 

Energy spread (Full Width) 

Normalized beam emittance 

1.98 GeV 

1 x 1010 electrons/bunch 

85 

1.4 ns 

150 pps 

<1.0 % (90% beam) 

1x10-4 m·rad 

Table 3.6: Basic Parameters of 1.98 GeV damping ring injector linac. 

As shown in Figure 3.10, the 1.98 GeV electron injector linac consists of two 80-MeV pre injector 

linacs, each equipped with 16 units of regular accelerator sections and a ±~F energy-compensation 

system. The two 80 MeV preinjectors are installed in parallel so as to offer high maintainability of 
the injector complex. One of the 80 MeV preinjector linacs can provide a beam during maintenance 

of the other preinjector. The parameters of the 1.98 GeV injector linac are summarized in Table 3.7. 

Beam Energy for DR 1.98 GeV 

Total length 158 m 

Preinjector 18 m 

Linac 140 m (active length: 96 m) 

80-Me V Preinjector 

Beam Energy 

Number of Bunches 

80 MeV 

85 

JLC Design Study, April, 1997 



53 3.4. 1.98 GeV Damping Ring Injector Linac 

Bunch Population 


Bunch Separation 


Klystron 

Klystron Peak Power 

Klystron Pulse Length 

Number of Klystrons 

RF Pulse Compression 

Klystron Modulator 

Total Number 

Regular Accelerating Sections 

Accelerating Structure 


Total length 


Total number 


Accelerating Field* 


Maximum Field 

Average 

RF Frequency 


Feed Peak Power 


Klystron 


Klystron Peak Power 


Klystron Pulse Length 


Number of Klystrons 


RF Pulse Compression 


Power Gain 


Klystron Modulator 


Total Number 


<3x 1010 electrons 

1.4 ns 

100MW 

1.0 J..tS 

1 / Preinjector 

none 

1 

211"/3 mode constant gradient 

3m 

32 

52 38 MV/m 

33 MV/m 
2.856 GHz 

200 MW/Structure 

80MW 

4.5 J..tS 

16 

SLED-I 

5.0 at peak 

16 

Table 3.7: Parameters of the 1.98 GeV injector linac. *The quoted 
value of the maximum field is for the case with no beam-loading. 

The "average field" is with beam-loading. 

3.4.1 Accelerator Section of the 1.98 GeV Injector Linac 

The accelerator section of the 1.98 GeV injector linac is to be located downstream of the 80-MeV 

pre-injectors. It consists of 16 rf units feeding 32 accelerating structures, and an additional 4 rf 

units for 8 energy-compensation structures. Also, a series of quadrupole magnets to form the linac 

lattice, beam instrumentation and active alignment systems are included. The beam-transport lines 

are located between two 80 MeV preinjector linacs and the accelerator section. A beam scraper in 

the beam-transport line is introduced to eliminate any low-energy component in a bunch tail. The 
configurations of the accelerating structures and ±D..F energy-compensation structures are shown in 

Figure 3.11. 
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Figure 3.10: Schematic Drawing of the 80-Me V Preinjectors. 

RF System of the Accelerator Section As shown in Figure 3.11, the rf system of the accelerator 

section consists of 16 rf units. The rf unit consists of an 80 MW klystron, a klystron modulator, a 

SLED cavity, rf waveguides, two 3 m-long accelerating structures and rf dummy loads, as shown in 
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3m-long 3m-long ECS 
Accelerating Structure Accelerating Structure Structure 

K1 (80 MW+SLED-I) ==t L1 F==I L2 J=C+E'Cl= 

K2 (80 MW+SLED-I) ==t L3 H L4 H -Af F= 

K3 (80 MW+SLED-I) =I L5 F9 L6 l==("+!Q:= 

K4 (80 MW+SLED-I) L7 L8 -Af9 H H 1= 

K5 (80 MW+SLED-I) L10c::=I L9 ~ ~ 

K6 (80 MW+SLED-I) L11 L12=I ~ ~ 

1<7(80 MW+SLED-I) L13 L14H ~ 

K8 (80 MW+SLED-I~ L15 L161==4 1= 

K9 (80 MW+SLED-I) L18==i L17 H t== 

K10 (80 MW+SLED-I) L19 L20 -Af=I 1=1 1==4 F= 

K11 (80 MW+SLED-I) L21 Backup L22 Backup9 H f== 

K12 (80 MW+SLED-I) 9 L23 H L24 F= 

K13 (80 MW+SLED-I) L25 L26 +Af-4 H H J= 

K14 (80 MW+SLED-I) L27 L289 H F= 

K15 (80 MW+SLED-I) L29 Backup L30 Backup9 H F= 

K16 (80 MW+SLED-I) L31 L32 -Af9 H H F= 

Figure 3_11: Configuration of accelerator section of 1.98 GeV Linac. 

Figure 3.12. The klystron produces an rf peak power of 80 MW with a pulse duration of 4.5 J.1,S. The 

rf power is fed into a SLED cavity. To conduct SLED operation, the rf phase is reversed at 3.5 J.1,S for 

each machine pulse. A peak power of 400 MW with a pulse duration of 1.0 J.1,s is extracted from the 

SLED cavity. The rf power from the SLED is divided into two rf waveguides, and feed a peak power 
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of 200 MW into a 3 m-Iong accelerating structure. 

80MW 

4.5 JlS 

~~ 

200MW 
1.0 JlS t 

3 m Acc. 

200MW 
~ 1.0 fiS 

3 m Acc. 

c: 
0 

52 MV/m 52 MV/m S34 MV/m .CI34 MV/m EO)
.!!l E
OF 
:gm
CDC: 
U::~ 
mil..I :J I 1 .5'1:: em 

.9! 
CDJ.. ..f J.. --i(100 MeV) (100 MeV) 8 
c( 

Energy Gain/Structure with beam loading 

Figure 3.12: RF unit of accelerator section of the 1.98 GeV Linac. 

The damping ring injector linac should be designed for a wide rage of bunch populations. The ±I::1F 
energy-compensation system has high flexibility to cope with bunch populations from near-zero to 

4x 1010 electrons/bunch. This is accomplished by adjusting the RF power of the klystrons. 

The rf unit for an energy-compensation system consists of a 60 MW klystron modulator. The accel

erating structures are designed to work at slightly different frequencies from the canonical frequency 

2856 MHz, with a phase velocity equal to the velocity' of light. The total length of four ±~F accel

erating structures at the low-energy section is 1 m. The length of four ±~F accelerating structures 

at high energy section is 3 m. The rf power from an rf unit is fed into two structures. The klystron 

produces a rectangular rf pulse of 60 MW peak rf power of 1 J..LS pulse duration. 

Accelerating Structures The main parameters of the accelerating structures are listed in Ta

ble 3.8. In order to obtain a wide operational margin for emittance preservation, three types of 
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accelerating structures having mutually different dimensions of the beam aperture (2a) have been 

fabricated for studies. Table 3.9 shows the size of the disk apertures of the accelerating structures. 

Table 3.8: Main parameters of the accelerating structures. 

Operating frequency 

Phase shift/cell 27r/3 

Electric-field distribution Constant gradient 

Structure length 3m 

Number of cells 84 cells + 2 couplers 

Quality factor 13,000 

Shunt impedance 60 MO/m 

Attenuation parameter 0.57 

Group velocity 0.0204 rv 0.0065c 

Filling time 0.83 J-LS 

Table 3.9: Disk aperture of three types of accelerating structures. 

Structure Type A B 

Aperture of 1st Disk (mm) 25.251 25.269 25.287 


Aperture of Last Disk (mm) 18.376 18.414 18.453 


Active Alignment System In order to keep any emittance growth in the linac at the minimal 

level, the accelerating structures should be aligned to less than 200 J..tm r.m.s. for both the vertical and 

horizontal directions. The support tables of the accelerator section of the linac need to be equipped 

with an active mover mechanism and wire-position sensors. The 140 m-Iong wires are stretched in 

both sides of the accelerator section of the 1.98 GeV linac. One of its ends is fixed to the preinjector 

stage, which does not have an active mover mechanism; the other end is stretched by a tension weight. 

Figure 3.13 shows a schematic diagram of the active alignment system. 

Each position sensor consists of a pair of induction coils that are electrically connected in series, and 

mounted on a vertically movable, offset stage fixed on a support stage. The center position of a pair 

of induction coils is pre-calibrated on the calibration stand. The sensors are installed at four corners 

of the support table for Q-magnets and beam monitors, and a short support table for an accelerating 
structure. As for the long support table for the two accelerating structures, six sensors are installed 

at four corners of the support table, and both sides of the center of the table. 

The wire position is detected by a synchronous detection of the signal from the differential coils using 

a 60 kHz, 100 rnA AC current on the wire. A frequency of 60 kHz is chosen as the frequency range 

suitable for the use of a lock-in amplifier in order to obtain a stable and reproducible measurement. 

The resolution of the position sensor is 2.5J..tm. The dynamic range of the sensors is ±2.5 mm. This is 

determined by the gap length between two induction coils. Figure 3.14 shows the expected signals to 
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-r-;...f---tU+----1lJ~-_lUl_-__lJJ~-__l~I;_-__1~lrnnduction 
1_~::-:--__-:-':::;_'--......L----lL;-;--;:---L:-;-~':"""""'::-:-l-:-::-~-~L...L--.L...L--....L-~cOils 

+/--------- Induction Differential Coils 

RF Current: 60 kHz, 100 mA 

Wire~---~----~==----------

Synchronous Detection by Lock-in Amp 
Sensing Range: ± 2.5 mm 
Resolution: < 2.5 11m 
Precision: 40J.Lm 

Figure 3.13: Schematics of the active alignment system of the 1.98 GeV linac. 

be observed with differential coils as function of the support displacement. The performance similar 

to this expectation has been confirmed with the support system of the 1.54 GeV ATF injector linac 

at KEK. 

The linac support tables are machined with an accuracy better than ±10jl.m. The left side of the 

support table has a reference line parallel to the beam axis. The accelerating structures, Q-magnets 

and beam monitors are aligned to the reference line with an accuracy of less than ±10jl.m. Each 

sensor installed on the left side of the linac has two pairs of induction coils to detect the vertical and 

horizontal positions from the wire. These sensors are aligned along the sag of the wire with a vertical 

offset. Therefore, the reference line is aligned in a straight line. Each sensor installed on the right side 

of the linac stages has a pair of induction coils for measuring only the vertical position. As a result, 

the support tables are vertically and horizontally aligned with an accuracy of less than 20jl.m r .m.s. 

JLC Design Study, April, 1997 



59 3.4. 1.98 GeV Damping Ring Injector Linac 
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Figure 3.14: Calculated voltage to be induced on induction coils as function of the support displace

ment. Case (A) shows the behavior with displacement < ±25 mm. Signals from the two differential 

coils, as well as the combined data are shown. Case (B) shows the behavior within displacement 

< ±500Jlm. 
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64 Chapter 4. Positron Source 

4.1 Introduction 

The JLC positron source needs to produce an intense positron beam at a repetition rate of 150 Hz. 

The required total charge per pulse is of about 6 x lOll positrons. The parameters relevant to the 

positron source system are summarized in Table 4.1. 

Number of particles·per bunch (at 


Number of bunches per rf-pulse 


Number of particles per pulse 


Repetition rate(Hz] 


Bunch spacing (ns] 


Damping Ring injection energy [Ge V] 


Damping Ring acceptance (normalized) ( rad·m ] 


7x 

85 
5.95 x lOll 


150 


1.4 

1.98 


1 x 10-4 


Thble 4.1: JLC parameters related to the positron source 

Electron 
source 

10GeV Linac 

1.98GeV 
Damping ring ....-..-~~ 

Target Section 
converter 

1.98GeV Linac 

To Main Linac 

1.98GeV 
Pre-damping ring 

Figure 4.1: Schematic diagram of the positron source system for the JLC. 

The method adopted in this design study for producing positrons is a conventional scheme, which ex

ploits electro-magnetic cascade showers initiated by high-energy electrons that impinge on a converter 

target. A schematic view of the system is shown in Figure 4.1. The system consists of a 10 GeV 

electron injector, a target section, a 1.98 GeV pre-linac, and a pre-damping ring. The target section 

consists of the converter target and a phase-space transformer, followed by an accelerator section 

which is placed within a uniform solenoid magnetic field. 

In the following sections, outlines of the design of individual subsystems are presented. 
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4.2 10 GeV Electron Injector 

The 10 GeV positron production linac is designed to accelerate multi-bunch electrons to the positron 

target. Table 4.2 gives the basic parameters of the beam for positron production. Each multi-bunch 

train consists of 85 bunches. The bunch population is 1 x 1010 electrons and the bunch spacing is 

1.4 ns. 

Beam energy 

Bunch population 

Bunches / train 

Bunch spacing 

Repetition rate 

Energy spread (Full Width) 

Normalized beam emittance 

10 GeV 

1 x 1010 electrons/bunch 

85 

1.4 ns 

150 pps 

<1.0 % (90% beam) 

<3x10-4 m·rad (117) 

Table 4.2: Basic parameters of 10 GeV positron production linac. 

As shown in Figure 4.3-4.4, the 10 GeV electron injector linac consists of two 80-MeV preinjector 

linacs, 80 units of regular accelerating sections and ±~f energy-compensation systems. The two 

80 Me V preinjectors are installed in parallel to obtain high maintainability of the injectors, as shown 

in Figure 4.2. One of the 80 MeV preinjector linacs can provide a beam during maintenance of the 

other preinjector. The electron sources would be a thermionic gun or photocathode gun. The beam

transport lines are located between two 80 Me V preinjector linacs and the accelerator section. The 

beam scraper in the beam transport line is useful for removing the low-energy component in a bunch 

taiL The parameters of the 10 GeV injector linac are summarized in Table 4.3. 

Beam Energy 10 GeV 

Total length 158 m 

Preinjector 18 m 

Linac 350 m 

80-Me V Preinjector 

Beam Energy 

Number of Bunches 

Bunch Population 

Bunch Separation 

Klystron 

Klystron Peak Power 

Klystron Pulse Length 

N umber of Klystrons 

RF Pulse Compression 

Klystron :Modulator 

80 MeV 

85 

<3x 1010 electrons 
1.4 ns 

100 :MW 

1.0 J.Ls 

1 / Preinjector 

none 
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Total Number 1 

Regular Accelerating Sections 

Accelerating Structure 


Total length 


Total number 

Accelerating Field* 


Maximum Field 

Average 


RF Frequency 


Feed Peak Power 


Klystron 


Klystron Peak Power 


Klystron Pulse Length 


N umber of Klystrons 


RF Pulse Compression 


Power Gain 

Klystron Modulator 


Total Number 


27r/3 mode constant gradient 

3m 

160 

52 - 38 MV/m 

33 MV/m 
2.856 GHz 

200 MW/Structure 

80MW 

4.5 J-LS 

80 
SLED-I 

5.0 at peak 

80 

Table 4.3: Parameters of the 10 Ge V injector linac. *Maximum 

accelerating field means the unloaded accelerating field gradient. 

Average accelerating field takes the field reduction due to beam

loading into account. 

4.2.1 Accelerator Section of the 10 GeV Injector Linac 

The accelerator section of the 10 GeV linac is located downstream of the 80-MeV pre-injectors. It 
consists of 80 rf units for 160 accelerating structures, 12 rf units for 12 energy-compensation structures, 

a linac lattice, and beam instrumentation and active alignment systems. The configuration of the 

accelerating structures and ±~F energy-compensation structures is shown in Figures 4.3 and 4.4. 

Accelerating Structures The main parameters of the accelerating structures are listed in Ta

ble 4.4. These structures are based on the same design as the 8 Ge V pre-accelerator linac. 

RF System of the Accelerator Section The role of the accelerator section of the linac is to 

accelerate a multi-bunch beam from 80 11eV to 10 GeV with a minimum energy spread and a minimum 

emittance growth to obtain a small spot size at the positron target. The rf unit consists of an 80 1vlW 

klystron, a klystron modulator, a SLED cavity, rf waveguides, two 3 m-Iong accelerating structures 
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Figure 4.2: Schematic Drawing of the 80-Me V Preinjectors for positron production. 
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3 m-Iong 3 m-Iong ECS 
Accelerating Structure Accelerating Structure Structure 

K1 (80 MW+SLED-I) =9 L1 H L2 ~ 

K2 (80 MW+SLED-I) L3 L4=I H F=r.::!D= 

K3 (80 MW+SLED-I) L5 La<=4 H ~ 

K4 (80 MW+SLED-I) L7 L89 H ~ 

K5 (80 MW+SLED-I) L10c::I L9 '===4 f==. 

K6 (80 MW+SLED-I) L11 L12==l '===4 f==. 

K7(80 MW+SLED-I) L13 L14t=I t=e:!!D= 

K8 (80 MW+SLED-1b9 L15 L16F=9 f== 

Kg (80 MW+SLED-I) L17 L18==I 1==1 f= 

K10 (80 MW+SLED-I) L19 L20==l '===4 H:::!LJ= 

K11 (80 MW+SLED-I) =i L21 IIKkup H L22 Backup f== 

K12 (80 MW+SLED-I) L23 L24=4 H F 

K13 (80 MW+SLED-I) -=4 L25 H L26 ~ 

K14 (80 MW+SLED-I) L27 L28~ H 1= 

K15 (80 MW+SLED-I) L29 IIKkup L30 IIKkup=I H 1= 

K16 (80 MW+SLED-I) L31 L32=I H ~ 

Figure 4.3: Configuration of accelerator section of the 10 GeV Linac. (Sections from 80 MeV to 

2 GeV) 
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3m-long 3 m-Iong EeS 
Accelerating Structure Accelerating Structure Structure 

K17, 33, 49, 65(80 MW+SLED-I) 4 L33, 65, 97, 129 H L34, 66, 98, 130 ~ 

K18,34, 50,66 (80 MW+SLED-I) 4 L35, 67, 99,131 H L36, 68,100,132 F 

L38,70, 102, 134K19, 35, 51,67 (80 MW+SLED-I) ==4 L37, 69, 101, 133 ~ F= 


K20, 36, 52, 68 (80 MW+SLED-I) c:::J H f===C!LJ=
L39, 71,103,135 L40, 72, 104, 136 

L41, 73, 105, 137 L42,74, 106, 138 K21, 37, 53, 69(80 MW+SLED-I) ~ ~ 1== 

1(22, 38, 54, 70 (80 MW+SLED-I) c::::I L43, 75, 107, 139 ~ L44,76, 108, 140 1== 

K23, 39,55,71(80 MW+SLED-I) 9 L45, 77, 109, 141 H L46, 78,110,142 F= 

K24, 40, 56, 72 (80 MW+SLED-I) -I L47. 79,111.143 H L48, 80,112, 144 ~ 

K25, 41, 57, 73 (80 MW+SLED-I) <=9 L49,81.113,145 H L50, 82.114,146 1= 

1<26, 42, 58, 74 (80 MW+SLED-I) -1 LSi. 83, 115.147 1==1 L52, 84, 116,148 ~ 

K27,43, 59,75 (80 MW+SLED-I) c:4 M ~L53, 85, 117, 149 L54,86, 118, 150 

L55. 87, 119, 151 L56, 88, 120, 152 K28, 44, 60,76 (80 MW+SLED-I) 4 H t==c::!D 

K29, 45, 61, 77 (80 MW+SLED-I) -I LS7, 89. 121, 153 H L58,9O, 122, 154 I-

K30, 46, 62, 78 (80 MW+SLED-I) =4 L59, 91, 123. 155 l===9 L60,9O,124,156 J==. 

K31, 47, 63, 79 (80 MW+SLED-I) c:4 L61, 91, 125, 157 H L62,92, 126, 158 1= 

L63. 93. 127, 159 L64, 94, 128, 160K32. 48. 64, 80 (80 MW+SLED-I) 4 H ~ 

Figure 4.4: Configuration of the accelerator section of the 10 GeV Linac. (Sections from 2 to 10 GeV) 
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Table 4.4: Main parameters of the accelerating structures. 

Operating frequency 

Phase shift/cell 

Electric-field distribution 

Structure length 

Number of cell 

Quality factor 

Shunt impedance 

Attenuation parameter 

Group velocity 

Filling time 

2856 MHz 

21f/3 

Constant gradient 

3m 
84 cells + 2 couplers 

13,000 

60 MS1/m 
0.57 
0.0204 I"V 0.0065c 

0.83 J.1S 

and rf dummy loads, as shown in Figure 4.5. This configuration is the same as that of 8 Ge V pre

accelerator linac. The klystron produces an rf peak power of 80 MW with a pulse duration of 4.5 J.1S. 

The rf power is fed into a SLED cavity, and the rf phase is reversed at 3.5 J.1S. A peak power of 

400 MW with a pulse duration of 1.0 J.1s is extracted from the SLED cavity. The rf power from the 

SLED is divided into two rf waveguides to feed a peak power of 200 MW into a 3 m-Iong accelerating 

structure. 
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Figure 4.5: RF unit of accelerator section of the 10 GeV Linac. 

JLC Design Study, April, 1997 



72 Chapter 4. Positron Source 

4.3 Target Section 

The scheme of the positron source[3] section adopted here is similar to what has been used for the SLC 

positron source, which had been successfully operated for several years[4]. However, the requirement 

at JLC is such that 20-times more positrons need to be produced per pulse, as compared to the 

operating condition at SLC. Meeting this requirement generally leads to the use of a more intense 

primary electron beam. Here, careful attention must be paid to an increased power dissipation on the 

converter target in terms of both the instantaneous and DC power. 

In the design presented here the electron-beam spot size on the converter is increased so as to limit the 

energy density on the unit area of the target, while increasing the total beam energy. In addition, the 

magnetic field strength of the positron capture section is increased so as to obtain a higher collection 

efficiency. Also, as described later, a pre-damping ring is introduced to reduce the positron beam 

emittance so as to better match the injection acceptance of the damping ring. 

Injected Electron Beam 

Energy [GeV] 10 

Intensity [ I bunch train] "" 6 X lOll 

rms beam radius [mm] 1.2 

Beam power [kW] 147 

Target Section 

Material 

Thickness [mm] 

W-Re 

21 (6 Radiation length) 

Phase-space Transformer Section 

Initial magnetic field [T] 8 

Length [mm] 180 

Accelerating Section With Solenoids 

Accelerating frequency [MHz] 2856 

Repetition rate [Hz] 150 

Accelerating gradient [MV1m] 30 

Structure length [m] 1.5 (x2) 

Iris diameter at the exit [mm] 26 

Constant solenoid field 0.8 

Beam Transport To Pre-damping Ring 

Transverse acceptance [rad· m] 0.027 

Energy acceptance [%] ±1 

Number of e+ to the Pre-damping Ring per e 3.0 

Table 4.5: Main parameters of the JLC positron source. 

The positron production efficiency was studied using a Monte-Carlo program based on the TOPAZ[5] 

detector simulator, which covers the target section and the 1.98 GeV linac. The EGS[6] is used to 
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simulate an electro-magnetic shower in the converter. The main parameters of the positron source 

are summarized in Table 4.5. 

A schematic view of the target section is shown in Figure 4.6. It comprises the converter 1 the tapered

field solenoid and the flux concentrator for the phase-space transfer of produced positrons, and the 

accelerating section with the Uniform field solenoid. Each subsystem is described below. 

Tapered Field Solenoid 

Uniform Field Solenoid 


co 
...-:=---~/\~~1.0 

C\I 

\~----------_a~ 

- 1500 300 

Flux Concentrator 

Figure 4.6: Schematic diagram of the target section. The unit of component dimensions shown is in 

mm. 

4.3.1 Converter Target 

A Tungsten-Rhenium alloy (W-Re) has been adopted as the converter material for this design. This 

W-Re material has a good track record as the target body at the SLC positron system. 

S. Ecklund [7] has studied the thermal-stress limit of various materials. According to this study, no 

damage of a W-Re converter was observed for a beam energy density (p) of up to 2.0 X 1012 GeV/mm2. 

Here, p is given by 

NE 
P=---2' (4.1 ) 

7f(7 

where N is the number of incident electrons per pulse, E is its energy, and (J' is the rms beam ra.dius 

on the converter. In our design, p is chosen to be 1.4 x 1012 GeV/mm2, so a.s to stay within theI"'V 

limit quoted in[7]. 

As listed in Table 4.5, the thickness of the considered target is 6 radiation-lengths. According to 

simulation studies using EGS, about 1/3 of the total beam energy is expected to be absorbed by the 

converter. 
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TFS 1 TFS 2 

Inner radius (mm) 280 250 

Outer radius (mm) 560 570 

Coil height (mm) 100 100 
Number of turns 14x10 16 x 10 
Current (A) 900 900 

Power (KW) 49 54 

Table 4.6: Parameters for TFS solenoid. TFS1 is the upstream solenoid and TFS2 is the downstream. 

4.3.2 Tapered Field Solenoid and Flux Concentrator 

The' positrons that emerge from the target are geometrically confined within a relatively small spatial 

cross section of radius that is comparable to that of the primary electron beam. However, they have 

a large transverse momenta of rv 3 MeV/c. The phase space of these positrons needs to be reduced 

so that they are acceptable for the accelerating sections downstream. 

This phase-space transformation is accomplished by the combined use of a DC solenoid magnet and 

a pulsed magnet (flux concentrator), which produce an adiabatically varying magnetic field. 

The tapered-field solenoid is a DC field solenoid magnet that surrounds the converter and the flux 

concentrator, as shown in Figure 4.6. Its field is peaked at 1.2 T immediately downstream of the 

converter. Then, the field gradually decreases along the beam direction. The flux concentrator 

provides an additional pulsed magnetic field. 

A prototype positron target system that incorporates these concepts was developed for testing at ATF 

(Accelerator Test Facility) of KEK. Its cross-sectional view is shown in Figures 4.7 (A) and (B). A 

photograph is shown in Figure 4.8. 

For operation at JLC, the target converter needs to be axially rotated so that localized heat accu

mulation will not build up, leading to damage of the target material. However, this mechanism has 

not been incorporated in the prototype. For testing at ATF, since the beam power and the repetition 

rate is low, the converter target is physically fixed in position, and the simp~e use of water cooling is 

sufficient. 

A prototype coil for the flux concentrator was also built for testing at ATF. A schematic diagram 

is shown in Figure 4.9. The specifications of the TFS solenoid and the power source for the flux 

concentrator are summarized in Tables 4.6 and 4.7. 

In a simulation study of the positron efficiency, we assumed that the longitudinal component of the 

magnetic field in the adiabatic device is given by 

B _ Bi (4.2) 
z - 1 + (t- l)f' 

where Bi is the initial magnetic field at the target exit, Bo is that of the uniform field solenoid, and 
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-740 
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C\I 

Pole Di"",.",,---....... 

Flux 
Concentrator 

Ion Pump 

Cooling 
Head 

(A) Side view (8) Front view 

Figure 4.7: Side (AJ and front (BJ views of the prototype target system. 

Maximum pulse current (kA) 16 

Maximum pulse voltage (kV) 12 
Pulse width (JLs) 5 ( 100kHz half-sine wave) 
l\IIaximum Pulse frequency (Hz) 180 

Inductance (JLH) 1.1 

Maximum field 5.8 

Table 4.7: Parameters of the power source of the Flux Concentrator. 
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Figure 4.8: Photograph of the prototype positron target built at KEK. 
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~] 

0.2 
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Figure 4.9: Schematic view of the flux concentrator. 

Figure 4.10: Picture of the flux concentrator coil. 
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L is the length of the flux concentrator. Figure 4.11 shows a scatter plot of positrons x and xp at the 

entrance and exit of the flux concentrator. The phase-space transfer is clearly visible. 
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Figure 4.11: Scatter plot of positrons's x position and direction at the entrance (a) and the exit (b) 
of the flux concentrator. 

Figure 4.12 shows the radial distribution of positrons at various points of the system. It is clearly 

seen from the figure that, the sharp spectrum at the exit of the converter is widened by the Flux 

Concentrator, then cut by the iris aperture of the RF structure. The radius of the Flux concentrator 

soon after the converter is 3.5mm. We lose only 5% of the positrons due to the aperture of the 

Flux concentrator. Due to the small radiation length of the converter material, the positrons' radial 

distribution at the exit of the converter is mainly determined by the spot size of the incident electrons. 

Since the Flux Concentrator can accept a fatter beam without any significant loss of the capture 

efficiency, we may increase the electron-beam spot size in the case when the energy-deposit density 

turned out to be too high for a stable target operation. 

The number of positrons per electron are 22, 12 and 6.8 at the exit of the converter, the entrance of 

the accelerator section with the solenoid, and the exit of the 1.98 GeV linac, respectively. We used an 

aperture of 1.2 cm for the accelerator section with the solenoid to estimate the yield conservatively. 
Since we lose a huge amount of positrons around the flux concentrator, the radiation safety issue must 

be carefully considered. 

4.3.3 Accelerator Section with Uniform Solenoid Field 

The positrons emerging from the phase-space transformer are accelerated by an S-band RF field 

surrounded by a uniform magnetic field until their energy is high enough to be focused by the usual 

FODO optics. To contain positrons within the radius of the iris, a solenoid field of 0.8 Tesla is applied. 
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Figure 4.12: Positron distribution with respect to the radius at several points of the system. The 

solid histogram is for soon after the converter, the dashed one at the end of the flux concentrator, the 

dotted one at the entrance of the accelerator section with solenoid, and the dot-dashed at the end of 

1.98 GeV Linac. The solid histogram is scaled by 0.1. 

The RF structures consists of two 1.5 m length S-band structure with 30 MV1m accelerating field, 

inter-positioned by a ±~F energy-compensation structure. 

In this section, both positrons and electrons are co-accelerated. Electrons are separated after this 

section. Since the net charge of the beam is almost 0, space-charge effect in this section will not be 

significant. However, since this section must accelerate about twice as many particles compared to the 

other section, the beam-loading effect can not be neglected. In this respect, the use of lower frequency 

RF should be considered in the near future. 

The longitudinal momentum spectrum of positrons is shown in Figure 4.13. At the exit, the momentum 

spread is about 5 MeV in rms. 
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Figure 4.13: Longitudinal momentum distribution of the positrons at the entrance(A) and the 

exit(B) of the accelerating section with a solenoid. 
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4.4 1.98 GeV Linac 

The 90 MeV positrons are accelerated up to 1.98 GeV by an S-band pre-injector linac, and are 

transported to the pre-damping ring. The linac has an accelerating gradient of 30 MV1m, provided 

by a series of 3 m-long constant-gradient accelerating structures with an iris aperture of 26 mm. 

In order to achieve a large transverse acceptance for a maximized positron yield, the linac should be 

equipped with 9 FODOs around the first accelerating structure and 3 rv 6 more around the subsequent 

structures. 

The distribution of the normalized emittance and the momentum at the exit of 1.98 GeV Linac is 

shown in Figure 4.14. The normalized emittance (10-) of the positron beam there is estimated to be 

3 x 10-3 m. This beam is first injected into the positron pre-damping ring to reduce the emittance, so 

that the positrons from it can be stored and damped in the main damping ring without significant beam 

loss (the target value of the beam acceptance of the main damping ring is 1 x 10-4 m (normalized)). 

If the pre-damping ring has a phase-space acceptance of 0.027 m (this corresponds to 30- of expected 

beam from the positron 1.98 GeV injector linac) and an energy acceptance of ±1 %, it follows that 

three positrons would survive for each primary electron that impinges on the production target. This 

corresponds to a total positron population of 16 x lOll per pulse. This is more than twice as large as 

those required in Table 4.1. 
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Figure 4.14: Emittance(€n) and momentum(p) distribution at the exit of the 1.98 GeV Linac. 

Figure (A) is a scatter plot of €n, Figures (B) and (C) show the €n and p distribution, respectively, 

and Figure (D) is the pz distribution with momentum and emittance cuts of the pre-damping ring 

acceptance. 
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4.5 Pre-damping Ring 


The role of the pre-damping ring for positrons is to produce a low-emittance positron beam so that 

the main damping ring can accept it, without loosing the beam to the extent that affects the integrity 

of the JLC design. 

The main damping ring assumes that the injected positron beam has a normalized emittance (,fx ) of 

1 x 10-4 m. On the other hand, the emittance of the positron beam from the source, after accelerated 

to 1.98GeV with the positron injector linac, is expected to be ,fx 3 x 10-3 m (10', normalized 

emittance). Thus, for the positrons, a pre-damping ring is required to reduce the transverse beam 

emittance. This section gives a preliminary results of some design considerations concerning the 

positron pre-damping ring. 

The whole layout and the optics Twiss parameters or the pre-damping ring, considered here, are 

shown in Figures 4.15 and 4.16. The ring has the shape of a racetrack and has a superperiodicity of 

2. Each arc consists of 12 FODO cells, and each cell has the phase advance of 144 and 36 degrees for 

horizontal and vertical plane, respectively. The total tune for the ring is selected to be 11.47 and 4.09 

for horizontal and vertical plane, respectively. These tune values have been chosen to given optimum 

dynamic aperture. 

Figure 4.15: Schematic plan view of the entire positron pre-damping ring. 
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Figure 4.16: Twiss parameters of the entire positron pre-damping ring. 

Energy 

Repetition Rate 

Number of Bunch Trains 

Kicker Rise/Fall Time 

Circumference 

Equilibrium Emittance (unnormalized) 

Equilibrium Emittance (normalized) 

Horizontal/Vertical Damping Time 

Momentum Compaction Factor 

RF Frequency 

Harmonic Number 

Energy Loss/Turn 

RF Voltage 

Energy Spread 

Bunch ......."'JLA...... "'A.. 


1.98 GeV 

150 Hz 

2 

60 nsec 

110.43 m 

2.9 x 10-8 m 

1.12 x 10-4 m 

4.2/4.2 msec 
6.92 x 10-3 

714 MHz 

263 

0.356 MeV 
2 MV I 
8.55 X 10-4 

6.1 mm 

Table 4.8: Parameters of the JLC Pre-Damping Ring 
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4.5.1 Parameters 

The main parameters are tabulated in Table 4.8. An equilibrium emittance of 2.9 x 10-8 m corresponds 

to ,Ex 1.12 X 10-4 mat E= 1.98 GeV. The beam stays in the ring for 13.3 msec (2 bunch trains/150 

Hz). Then, at extraction the normalized horizontal beam emittance is expected to be 1.17 x 10-4 m 

(see Equation 5.5 in Chapter 5). This is close to satisfy the specifications, although some more 

efforts would be required to reduce the nominal emittance. The circumference has been determined 

to accommodate just two bunch trains, while assuming the kicker rise/fall times of 60 nsec; some 

additional length might also be needed, here. 

4.5.2 Arc Cell 

For the arc periodic cell, an ordinary FOnO lattice is adopted. The Twiss parameters of the arc cell 

are shown in Figure 4.17. 
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Figure 4.17: Twiss parameters of a single cell in the arc sections of the positron pre-damping ring. 

The dimensions and the field strengths of the magnets are summarized in Table 4.9. The bending 

field is 1.73 and the strongest field gradient of the quadrupole magnet is 59.54 T/m for QD. These 

values seem to be slightly large, and may be adjusted by the length of the magnet in the future. 
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Magnet Length[m] Angle [degree] k[l/m] 
Bend 0.50 7.5 

0.18 -0.983 

0.18 1.624 

Table 4.9: Summary of the magnets of the normal cell 

4.5.3 Dynamic Aperture 

The positron beam to be injected into the pre-damping ring is expected to have a normalized emittance 

b'f) of 3 x 10-3 m (la emittance). According to discussions in section 4.4, the pre-damping ring 

should accept a beam of 3a size at that time (Le. 0.027m of normalized emittance envelope), with a 

momentum spread of ±1.0%. We note here that 3a of the injection beam is expressed as 3v'3Qao I"V 

16ao in terms of the equilibrium emittance, ')'fO = 1 X 10-4 , of the ring. Here, ao v7Ji0. 

The dynamic aperture of the ring has been studied using the program code SAD. The initial condition 

for the momentum deviation is selected to be between -1.5 % and 1.5 %. For each energy deviation, 

the transverse deviation is set so that 

dx nvf3xfo, dy nvf3yfo, (4.3) 

where fO = 1 X 10-4 m/1'- By using the tracking code SAD, we find the maximum value of the 

coefficient n such that the particles, whose initial phase-space coordinate is determined by n, can be 

stored in the ring over a certain number of revolutions! 

dp[%] -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 

22 32 28 28 28 26 24 

Table 4.10: Summary of tracking studies. 

Table 4.10 indicates that for a momentum deviation of 1.0 %, the n value is found to be I"V 26. It must 

be noticed that if a round shape is assumed for the dynamic aperture in the transverse plane, the 
dynamic aperture will be given by v'2nmax . If it is the case, the estimated dynamic aperture would 

be 

262 X 1 X 10-4 X 2 = 0.135m. (4.4) 

Thus, an ample amount of dynamic aperture exists, in as much as possible construction and operational 

errors of the pre-damping ring are ignored. 

ITypically lOOO-turns was used as the criteria. Calculations, where lOO-turns was used as the criteria, were also 

made for comparison. The differences in obtained nmax values were found to be smalL 
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4.5.4 Effect of a Misalignment 

This subsection discusses on the effect of a misalignment in the pre-damping ring. The errors listed 

in Table 4.11 are considered. The errors are distributed according to a Gaussian distribution with 

the standard deviations as tabulated in Table 4.11. Large errors beyond 3 standard deviations are 

truncated. After a calculation with errors, some corrections were tried to cure the effects. First, the 

tunes were adjusted by arc quadrupole magnets. Then, the closed-orbit distortion was corrected by 

using steering dipole magnets. The statistics were taken by 100 trials, using different random seeds 

for specifying the errors. 

Displacement Errors for Q and SX O"x = 50 J.,tm 

=60J.,tm 

Rotational Errors for .LJ.'",",.'J.t>.. and C 0"9 = 0.5 mrad 

Monitor Setting Errors 100J.,tm 

Magnetic Field Errors for B,Q,SX and C 0.1 % 

Table 4.11: Errors for Simulation. B, Q, SX and C represent the bending, quadrupole, sextupole 

and corrector magnets, respectively. 

The horizontal emittance before a correction is 3.5 x 10-8 m at the 90 % confidence level. After a 

correction, it is recovered to 2.95 x 10-8 m, quite close to the nominal value. 

The dynamic aperture in the presence of alignment errors was also studied. Here, the threshold 

revolution number is set to be 100 turns. The results of the tracking are given in Table 4.12. 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 

nmax (with errors) 8 8 8 8 8 8 6 

nmax(corrected) 12 12 12 12 10 10 12 

Table 4.12: Summary of Tracking with Errors. The values are at the 90 % CL. 

Without applying corrections, the obtained nmax value is "'" 8 for 1.5 % momentum error. Assuming 

a round shape of the dynamic aperture, this means the dynamic aperture of 

82 X 1 X 10-4 X 2 = 0.008m. (4.5) 

This corresponds to 2.10" of the injected beam. If corrections are applied, nmax is recovered to about 

12. This means the dynamic aperture of 

122 X 1 X 10-4 X 2 = 0.028m, (4.6) 

corresponding to 3.10" of the injected beam. 

It can be concluded that the ring performance is acceptable for the errors tabulated in Table 4.11. 

The alignment within those errors is thought to be realistic, though it is not trivial. It is expected that 

by using the beam-based alignment method, the alignment and ring performance can be improved. 
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4.6 Remaining Issues 

As can be found in the preceding sections, the JLC positron source system is expected to produce more 

than 2-times higher positrons than required. However, this estimation is based on relatively simple 

simulations. The items listed below should be seriously considered when starting the construction of 

the JLC. 

• We are planing to inject about 7-times more beam energy with 3-times greater energy density 

than those of SLC. According to a study prior to the SLC construction[7], the converter will not 

suffer damage even with this condition. However, since the incident beam parameters, such as 

the bunch length, the number of bunches per pulse, and the spot size, were different, another 

test with a beam parameter similar to that of JLC is desired. If the beam energy density is too 

high according to such a test, a possible cure is to increase the beam spot size. In this case, the 

intensity or energy of the incident electron should be increased so as to overcome the loss of the 

positron capture efficiency. 

• 	The designs of the 10 GeV electron linac, the 1.98 GeV linac and the pre-damping need more 

systematic work. 

• 	The number of positrons in the accelerator section in the uniformed field solenoid is about twice 
as large as in the downstream sections. The same number of electrons also pass through the RF 

structure. The expected performance of this section must be reviewed from an RF-technological 

point of view. 

• 	The magnetic field in the simulation assumes the ideal field shape. A realistic field shape for 

the flux concentrator and the effect of the gaps among the solenoid coils should be included. 

• While, 	it appears possible to conceive a positron pre-damping ring that is close to satisfy the 

design criteria, some design refinements are required. First, the design needs to improve the 

equilibrium emittance, and the damping time. The expected dynamic aperture appears large 

enough to guarantee the required beam acceptance. Nonetheless, a less error-prone lattice design 

or a design with an even larger dynamic aperture from the beginning would be nice. 

• 	The circumference of the present pre-damping ring is just long enough to accommodate two 

full bunch trains. It leaves very little room for kicker magnets and other devices in straight 

sections. Adopting a longer ring circumference is an obvious solution to this problem, and it 

can also help relax the requirement on the damping time, if three (or more) bunch trains can 

be simultaneously stored. However, its impact on the dynamic aperture needs to be carefully 

examined. It is also worthwhile considering improvements on the damping time and the dynamic 

aperture of the main damping ring. 

• Issues associated with the so-called photo-electron-induced instability (PEl) in the positron pre

damping ring need to be examined, and, if the problem could be serious, adequate hardware 
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design measures must be taken. Possible solutions include a careful shaping of the vacuum 

chamber, implementing a bunch feedback system and others. This task applies to the design 

work of the main damping ring, as well. 

JLC Design Study, April, 1997 

-- .. _--_..- ---------------------------



90 	 References for 4 

References for Chapter 4 


[il JLC-I, KEK Report 92-16, December, 1992. 

[2] 	 Zeroth-Order Design Report for the Next Linear Collider, LBNL-PUB-5424, a1so SLAC Report 474 or 
UCRL-ID-124161, May 1996. 

[3] 	 H. Ida, et al., in the "Proceedings of 17th Linac Conference Volume I ", Tsukuba, KEK, August 

21-26, 1994, p.366. H. Ida, et al., KEK-Preprint 92-56, July, 1992. 

[4] 	 J.E. Clendenin, SLAC-PUB-4743, April 1989 ; J.De Lamare, et al., SLAC-PUB-5472, June 1991 ; 

A.V. Kulikov, et aI, SLAC-PUB-5473, June 1991 ; R. Pitthan, et aI., SLAC-PUB-5547, June 1991 

E. Reuter, et al., SLAC-PUB-5369, December 1991. 

[5] 	 TOPAZ Collab., TRISTAN-EXP-02, 1983. 

[6] W.R. Nelson, et aI, SLAC-Report-265, December 1985. 


[7l S. Ecklund, SLAC-CN-128, 1981. 


Authors and Major Contributers of Chapter 4 

• Akiya Miyamoto 

• Seishi Takeda 

• Shigeru Kuroda 

We express our gratitude to Mr. H. Ida of NKK Corporation for his contributions to the design studies 

of the JLC positron production system. 

JLC Design StUdY1 April~ 1997 



CHAPTER 5 

Damping Rings 

Contents 

5.1 Introduction 92 

5.2 Lattice and Optics . 93 

5.2.1 Parameters 94 

5.2.2 Arc Cell . . 94 

5.2.3 Comparison of Various Cell Configurations 96 

5.2.4 Wiggler Cell . . . . . . . . . . . . 100 

5.3 Magnet System .. 102 

5.3.1 Damping Wiggler. 102 

5.3.2 Combined-Function Bending Magnet. 105 

5.3.3 Quadrupole Magnets . 105 

5.3.4 Sextupole Magnets. 107 

5.3.5 Field Measurements 107 

5.4 Alignment........ 107 


5.4.1 Design of the Tables 108 

5.4.2 Safety against Earthquakes 110 

5.4.3 Test of the Positioning Resolution 110 

5.5 RF System ............. . 116 


5.5.1 General Description 116 

5.5.2 Damped Cavity . 118 

5.5.3 Power Sources .. 121 

91 



92 Chapter 5. Damping Rings 

5.5.4 Summary .... 123 

5.6 Vacuum System ....................•. 
 123 

5.6.1 Vacuum Chambers 124 

5.6.2 Pumping scheme . 126 

5.6.3 Beam-Gas Scattering. 126 

5.7 Beam Instabilities . . . . . . . . . . . . . . . . . . . . 126 

5.7.1 Single-Bunch Instabilities 126 

5.7.2 Multi-bunch Instabilities. 127 

5.8 Remaining Issues .................. . 130 


5.1 Introduction 


The role of the damping ring is to reduce the beam emittance in a short period that is compatible 

with the repetition time of the accelerator system. The target values for the beam emittance are 

"(Ex = 3 X 10-6 m and "(Ey 3 x 10-8 m. This means a vertical/horizontal coupling of 1 %. Naturally, 

it requires an accurate alignment of the ring components. The energy of the ring is chosen to be 1.98 

GeV so as to avoid the spin-depolarization resonance. 

The equilibrium emittance of an electron ring is generally given by 

(5.1) 

where 

(5.2) 

(5.3) 

(5.4) 

These equations show that the emittance of the ring is determined mainly by the optics in the arc 
region if the dispersion is suppressed in other sections (e.g. straight sections). To obtain an ultra-low 

emittance the design of the JLC damping ring adopts the FOBO cell for the arc region, where a small 

dispersion is maintained inside the bending magnet. 

After beam storage for a time period of t, the emittance of the extracted beam is given by 

(5.5) 

where Ei, teq, and T are the emittance of the injected beam, the equilibrium emittance of the ring, 

and the damping time of the betatron amplitude, respectively. 
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5 

In JLC the injected beam is assumed to have an initial emittance lei of 1 x 10-4 m for both the 

horizontal and vertical planes. Then, to obtain the required emittance of the extracted beam the 

damping time must practically satisfy the condition Ty < t/7. (The injection beam emittance of 

1 x 10-4 m is readily available for the electrons. However, in order to achieve the above emittance for 

the positron beam, a pre-damping ring is required. See discussions in Chapter 4.) 

The adequate store time t is determined from the repetition rate frep and the number of bunch trains 

Nt that are simultaneously stored in the ring. Their relationship is given by t Nt! frep. With Nt 

and a repetition rate of 150 Hz, the damping time Ty is required to be less than 4.76 msec. In order 

to obtain such a short damping time, a long series of wiggler magnets need to be introduced in the 

dispersion free section. 

The threshold impedance of the longitudinal single-bunch instability is given by [1] 

(5.6) 

where U T is the bunch length, a: the momentum compaction factor, E the beam energy, Ut. the relative 

energy spread, and N the number of particles per bunch. However, in a study of the ATF damping 

ring, it was found that the above formula overestimated the threshold by factor 3, compared withrv 

the results from a Vlasov equation analysis with a potential-well distortion[2]. In the case of JLC, the 

beam energy is chosen to be 1.98 GeV, which is about 4/3 of the ATF beam energy. Consequently, in 

order to obtain a the higher threshold than in the case of ATF for the same values (un Ut. and N), the 

momentum compaction factor a: should be kept larger than 0.26 times the ATF, namely 5 x 10-4 . 

5.2 Lattice and Optics 

The layout of the entire damping ring is shown in Figure 5.1. Overall, the ring has a race-track shape. 

Each arc consists of 19 FOBO cells, where 'B' means combined-function bending magnets. 

A special half cell having a half bending magnet will be placed at two ends of each arc. The ring 

has two long straight sections, which are filled with wiggler magnets that are placed so as to reduce 

the damping time. The ring has a superperiodicity of 2, and the RF cavities and wiggler magnets 
are placed symmetrically. However, the locations of the injection and extraction positions are not 

symmetric. This is done so that the RF cavities would always see the same total charge of the stored 

beam when the bunch trains are injected and extracted. According to experience of the ATF damping 

ring operation, the maximum /3y in the wiggler and septum region should be kept at a relatively small 

value of 10 m. This is so as to retain a sufficiently large physical aperture relative to the beam size 

there, while the pole gaps of the wiggler magnets are made small so as to reduce the magnet fabrication 

and operational costs. 
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Figure 5.1: Geometry of the JLC damping ring (plan view). 

5.2.1 Parameters 

The main parameters of the damping ring are given in Table 5.1. The ring has a total circumference 

of 277 m. This will allow us to simultaneously store five bunch trains, as discussed earlier. An 

equilibrium emittance of 6.50 x 10-10 m would correspond to ,ex 2.52 x 10-6 m at E= 1.98 GeV. A 

momentum compaction factor a of 8.02 x 10-4 is well above the threshold value of 5 x 10-4 in terms 

of the longitudinal single-bunch beam instability. Figure 5.2 shows the Twiss parameters across the 

entire damping ring. 

5.2.2 Arc Cell 

The Twiss parameters of the arc cell are shown in Figure 5.3. Each cell consists of a combined
function bending magnet and two flavors of quadrupole magnets. One of the quadrupole magnets is 

used for a fine adjustment of the optics. It is beneficial to have such magnets, since the quadrupole 

field component of the bending magnet is fixed by its pole-face geometry. The field strengths of the 

magnets are determined according to an optimum tune setting. The equilibrium emittance and the 

momentum compaction factor of the cell, itself, are 1.23 x 10-9 m and 1.99 x 10-3 , respectively. The 

presence of the wiggler section in the ring makes both values smaller than those given in Table 5.1. 

The dimensions and the field strength of the magnets are summarized in Table 5.2. In this Table, k 
is defined as 

B'l 
(5.7)k = Bop' 
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Parameter Value 

Energy 

Number of Bunches/Train 

Repetition Rate 

Number of Bunch Trains 

Bunch Spacing 

Kicker Rise/Fall Time 

Circumference 

Equilibrium Emittance (not normalized) 

Equilibrium Emittance (normalized) 

Horizontal/Vertical Coupling 

Horizontal/Vertical Damping Time 

Damping Partition (Jx/ Jy / Jz) 
Momentum Compaction Factor 

RF Frequency 

Harmonic Number 

Energy Loss/Turn 

RF Voltage 

Energy Spread 

Bucket Height 

Bunch ...........J,&JO. ~,&& 

1.98 GeV 

85 (max.) 

150 Hz 

5 

1.4 nsec 

60 nsec 

277.12 m 

6.50 x 10- 10 m 

2.52 x 10-6 m 

::;1% 
4.22/4.83 msec 

1.14 / 1.00 / 1.86 
8.02 x 10-4 

714 MHz 

660 

0.758 MeV 

1.2 MV 

8.62 x 10-4 

1.25 % 
4.85 mm 

Table 5.1: Parameters of the JLC Damping Ring 

Magnet Length[m] Angle [degree] k[l/m] 
Bend 1.20 9 -1.338 

QF 0.30 0.7259 

QD 0.15 0.003 

Table 5.2: Summary of the magnets of a normal cell 

The nominal bending field is 0.86 T. The field gradient of the bending magnets is 7.36 T/m. If the 

same beam pipe as that of ATF is to be used (outer radius 16 mm) in this bending magnet, the field 

of the bending magnet at radius c5r=32 mm is about 1.1 T, which is considered to be a comfortable 

condition. The largest field gradient of quadrupole magnet in the design here is found to be 48.39 T /m 

for QM1 (quadrupole magnet in the matching section). For a bore radius of 16 mm, the corresponding 

pole tip field is 0.77 T. Its design is considered not to be difficult. 
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Figure 5.2: Twiss parameters of an entire damping ring. 

5.2.3 Comparison of Various Cell Configurations 

Before settling on the FOBO arc lattice design, various types of arc cell configurations have been 

studied. This section presents a mini-review of these studies. 

TME (Theoretical Minimum Emittance) Lattice 

First we consider the TME (Theoretical Minimum Emittance) lattice [3]. The lattice and its Twiss 

parameters are shown in Figure 5.4. 

Starting with the FOBO lattice in the previous section, if an extra quadrupole magnet is added, and if 

the entire single cell is symmetrized, a TME lattice configuration is topologically realized, except that 

the field signs of the quadrupole magnets are reversed. For comparison, the same combined functioned 

magnet as in the FOBO case is assumed here. In order to reach the minimum emittance, f3x and 1Jx 

at the center of the bending magnet must be 
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Figure 5.3: Twiss parameters of a single arc cell in the damping ring. 

f3x = i3TME, 1]x = 1JTME, 	 (5.8) 

where 
lB· /l4 + 2012 p2 + 120p4

f.L - VB N (5.9)
I-"I'ME = 5V2(l1 + 12p2) , 

_ l1(7l1 + 60p2) 
(5.10)

1JTME = 120p(l1 + 12p2)' 

Then, the minimum emittance is given by 

CTME 	 l~(-x + sinhx)(4 + x 2 - 4 cosh x + x sinh x)) 

/(x2(p4 x 3 K2 + 2xsinh2(x/2) - 8p4xK2 sinh2{x/2) 

+2(1 + 2Kp2)2 sinh2(x/2) sinh x)) (5.11) 
[4
B 	 (5.12) 

It has been found that in our case the minimum-emittance condition is given by f3TME = 0.095 m and 

1]TME = 0.0037 m. However, because of the stability requirement (Le. periodic boundary condition), 

this minimum-emittance condition cannot be satisfied. From scanning in the (f3x,1]x) parameter 

plane, a point with ({lx,1]x)=(4.5 (lTME,3.5 1JTME) has been found to be a possible candidate for 

a small emittance and a large momentum compaction factor. The parameters of the lattice are 
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Figure 5.4: Twiss parameters of a TME arc cell. 

summarized in Table 5.3 with those of the FOBO lattice. Although the TME lattice has a slightly 

smaller equilibrium emittance, it also has a relatively small momentum compaction factor which 

is somewhat of a concern in the light of single-bunch longitudinal instabilities. The momentum 

compaction factor can be increased by using a longer bending magnet. However, this revision tends 

to increase the cell length; for a ring design with a fixed circumference, it leads to reduction of the 

beam line length available for the wiggler magnets and injection / extraction sections. 

The trace of the vertical transfer matrix of a lattice, as shown in Figure 5.4, has a denominator factor, 

(5.13) 

Here, lB denotes the bend-magnet length, and l represents the sum of the length of the bend magnet 

IB and the half thickness of the QD magnet, as shown in Figure 5.4. This is the singularity that 

prevents us from adopting the true TME condition for the lattice design in a straightforward manner. 

To stay sufficiently far away from this singularity, a bending magnet with very high field gradient is 

needed. It should be noted that adding another quadrupole magnet to the TME lattice has little effect 

in terms of avoiding this singularity. However, this revision helps make the momentum compaction 

factor larger. 

The minimum emittance seems not to heavily depend on the choice of kB . The parameters of the 

TME with a normal bending magnet with (!3x, 'T/x)=(2 .8rME,1]TME) is also shown in Table 5.3. 
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Fono Lattice 

Fono lattice configurations, as shown in Figure 5.5, have also been studied. Here, the bending field 

is provided by pure dipole magnets without any field gradient. It has been found that to obtain an 

3 

E -z. 
>

c:a. 
r 

ICC: 
r 

2 

--....... -------

1 1.5 2 2.5 

0 

100 

90E 
S 80 

x 
~ 

70 

60 

0 0.5 

r-----oJ b-iF r---Do 
C\I C\I C\I C\I 
C u. u. C 
0 0 0 0 

Figure 5.5: Twiss parameters of a FODO arc cell. 

equilibrium normalized emittance comparable with those of the FOBO or TME lattice, more than 80 

cells are needed. The parameters are also summarized in Table 5.3. The momentum compaction factor 

is very large, because the ratio of the beam-line length that is occupied by the bending magnet in a 

cell is larger than FOBO and TME lattice. The energy loss is smaller because of the larger number of 

cells, i.e. a large bending radius. Consequently, longer wiggler-magnet sections are required to obtain 
a short damping time. This leads to a difficulty in the overall ring design if its circumference is to be 
fixed at 277 m (if the construction of a big ring is considered not to be a problem, then it will be of 

no concern.) 

However, there may be still room for optimizing the drift space between the magnets. For example, 

a shorter drift length between bend and defocusing quadrupole magnet makes the cell length similar 

to that of the FOBO, and may reach better performance. This is one of the study items for the near 

future. 
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FOBO TME(combined B) TME(normal B) FODO 

N umber of cell 56 56 56 80 

Cell Length[m] 2.42 3.38 4.54 2.5 

Arc Length[m] 135.5 189.3 254.2 200 

fequil,x [m] 5.11 x 10-10 4.45 X 10-10 2.19 X 10-10 5.93 X 10-10 

ac 7.69 x 10-4 5.62 X 10-4 1.71 X 10-4 1.23 X 10-3 

Table 5.3: Comparison of various lattices. In the table, fequil,x and ac represent the horizontal 

equilibrium emittance and the momentum compaction factor of the cell, respectively. 

Discussions 

In summary, both the FOBO and TME lattice designs with similar damping performance are possible. 

For now, the FOBO lattice has been chosen since it appears to be more compatible with the prescribed 

ring circumference of 227 m. Also, operational experience concerning a damping ring with the same 

conceptual design is expected to be obtained in the near future at ATF to help further refine the 

design. 

The expected emittance, as shown in Table 5.3, is very small compared to what is actually required 

in the overall JLC design. However, the quoted values of the momentum compaction factors are also 

uncomfortably small. Table 5.3 should be interpreted only as a representation of the general trends 

of parameters in these lattice configurations. For their practical applications to the damping ring, 

much more design tuning work is required to increase the momentum compaction in exchange for the 

increased equilibrium emittance within the acceptable range. 

5.2.4 Wiggler Cell 

Length 2m 

Period 0.4 m 

Field Strength 1.8 T 

Table 5.4: Specification of the wiggler magnet 

The Twiss parameters of the wiggler cell are shown in Figure 5.6. This cell contains two wiggler 

magnets. The ring has 7 + 7 wiggler cells, i.e. 28 wiggler magnets. The wiggler magnets considered 

here are of the same type as that used for the ATF damping ring. The specifications of the wiggler 

magnet are summarized in Table 5.4. 
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Figure 5.6: Twiss parameters in the wiggler section of the damping ring. 
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5.3 Magnet System 

The damping ring requires some strict conditions on the magnet system and its alignment. As dis

cussed in the previous section, to achieve the desired emittance and damping time, the present damping 

ring design has adopted a combined FOBO lattice and damping wigglers. This section discusses the 

design considerations related to these magnets. 

5.3.1 Damping Wiggler 

The low emittance and fast damping of the damping ring require high-field, short-pitch wigglers. These 

conditions conflict with each other, because a high field requires much space for flux sources, whether 

iron cores with coils or permanent magnets. Studies on the effects of the geometrical configurations 

of the wigglers on the emittance have been conducted. It was found that the choice of free spaces 

between adjacent wiggler poles has little effect on the emittance in the lowest order approximation. 

This fact relaxes the requirement on the wiggler pitch. Our choice of the pitch is 0.4 m. 

Studies have been made on two types of damping wigglers. One is a hybrid magnet scheme that uses 

permanent magnetic materials as flux sources. The other is the usual electric magnet scheme, which 

uses compact coils excited by intense electric currents. Field calculations with the 2-dimensional codes 

PANDIRA and POISSON show that it is possible to achieve Bpeak, Beff > 2 T for both types, where 

Beff is defined as vI« B2 ». Here , « B2 » is an integral of the field over the whole wiggler length 

divided by the pole length, i.e. JB 2dsjLpole . 

We chose the electric option, since its adjustability during operation is an important asset. In the 

design of the damping ring optics, the wiggler field strengths are set to Bpeak and Beff 1.7'"""1.8 T (the 

calculated value by POISSON) in consideration of power consumption. 

A prototype wiggler magnet was built, and the field profiles were measured as a function of the current. 

The measured Bpeak of the prototype wiggler is smaller than the POISSON design value by about 

15 %. This is considered to be because of a limitation in the 2-dimensional calculation, whose accuracy 

is compromised for magnets with short poles as this wiggler magnet. However, 3-dimensional codes, 

such as OPERA-3D and TOSCA, could reproduce the field-measurement results very well. 

Calculations with OPERA3D have shown that Bpeak can be increased to '""" 1.6T by using wider poles. 

Hence, the pole shapes of the wiggler after the prototype studies have been revised so as to have a 

larger pole width. The final parameters of the damping wigglers are listed in Table 5.5. The whole 

structure of the wiggler and its cross section along the beam line are shown in Figure 5.7. Figure 5.8 

shows the results of a field measurement with calculated values. The final mechanical design of the 

wiggler magnets will have to take the installation aspects of these magnets on an active mover system 

into account. 
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Figure 5.7: Wiggler Magnet. 
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2 

1.5 

E 
m 1 

0.5 

0 

total length 2.1 m 

one period 0.4 m 

full gap 20mm 

Bpeak 1.6 T 

Beff 1.8 T 

current / pole 20 kA (1000 A x 20) 

number of 28 

Table 5.5: Damping wiggler parameters. 

Meas. result of the r&d damping wiggler 
with calculations by poisson & opera3d 
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Figure 5.B: lHeasurement results of the R&D damping wiggler with calculations by POISSON and 

OPERA-3d. 
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effective length 1.2 m 

central gap 32 mm 

dipole field Bo 0.86 T 

field gradient B' -7.36 Tim 

bending radius 7.67 m ( for a 1.98 GeV Ic beam) 

current I pole 12000 A (1000 A x 12) 

number of alJ:'OH~S 40 

Table 5.6: Bending-magnet parameters. 

5.3.2 Combined-Function Bending Magnet 

By introducing combined-function bending magnets having a defocus quadrupole field, we can make 

the D parameter (which appears in damping partition) negative, which can reduce the transverse 

emittance. The parameters of the combined-function bending magnets are given in Table 5.6. 

This combined-function bending must be of the sector type because of the large sagitta of about 

22 mm; otherwise, the beam feels a varying field of as much as 15 % of Bo for a 1.2 m bending. The 

logarithmic pole profiles were obtained for sector-type combined-function bend magnets by solving the 

Poisson equation in cylindrical coordinates. The field distribution, its dependence on the coil positions, 

shimming and the field changes due to some manufacturing errors were studied using POISSON. These 

studies showed that the accuracy of the poles must be better than 20 JLm to obtain the required field 

quality, and which kinds of errors are criticaL One R&D combined-function bending magnet was 

produced; its entire shape and cross section are shown in Figure 5.9. 

Precise field measurements have been carried out using a 1 mm Hall probe. The field-measurement 

results showed some interesting features: a saturation effect, an asymmetry of the field distribution 

due to the coil configuration, etc. The final design of the combined bending-function magnets will be 

completed by taking account of the field-measurement results and further calculations using computer 

codes. 

5.3.3 Quadrupole Magnets 

The total number of the quadrupole magnets required for the DR is about 200. After examining 

the optics results concerning the quadrupole magnets, we reduced the number of quadrupole magnet 

types to be produced. These are shown in Table 5.7. 

The uniformity of the quadrupole fields in 12 mm</> is required to be better than 0.1 This needs 

a manufacturing accuracy of better than 30 JLm to achieve the required field quality. Two R&D 

quadrupole magnets were constructed with an accuracy of 20 JLm. The parameters are listed in 

Table 5.8. 

Rough field measurements were made using a Hall probe; the results show that the field strength is 
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Pole Profile Equation: 
{8'p 180 In(1 + x/p ) + 1} Y =g 12 

g: gap = 0.032 m 
So = 0.86 T 
8' =-7.36T/m 
r = 7.67 m 
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Figure 5.9: A half cross-section view of a dipole magnet. 

Table 5.7: Choices of Tbore for the quadrupole magnets. 

o 
r--. 
C\I 

Tbore (m) B' (T/m) length (m) 

0.016 55 0.25, 0.05, (0.15) 

0.021 26 0.25, 0.05, (0.15) 

0.021 (skew) 26 0.25, (0.15) 

* The 0.15 m long quadrupole magnets will possibly be 

replaced by 0.25 m or 0.05 m quadrupole magnets 

by modifying the optics. 

Table 5.8: Quadrupole magnet. 

typel type2 

pole length (m) 0.06 0.06 

Tbore (m) 0.016 0.016 

B' design (T/m) 52 55 

current/pole (AT) 5576 (328Ax 17) 6000 
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Table 5.9: Sextupole magnet. 

length (m) current/pole for R&D (Aturns)Tbore (m) 
0.122 3900 (325A x 12)0.016 

about 10 % less than the design value calculated by POISSON. However, the integrated field gradient 

satisfies the required strength due to the effective length being longer than the pole length. The 

discrepancy between the measurement and the POISSON calculation is due to the short pole length; 

this fact implies that a 2-dimensional calculation is no longer valid. The field-measurement results 

were well reproduced by OPERA3D. The measurement results and the calculations by the OPERA3D 

were taken into account for the final designs. 

5.3.4 Sextupole Magnets 

The damping ring requires about 120 sextupole magnets; their parameters are listed in Table 5.9. The 

required manufacturing accuracy is the same as that of the quadrupole magnets. One R&D sextupole 

was constructed with an accuracy of 20 /-tm. The field measurements were made in the same way 

as that of the quadrupole magnets, giving similar results. Although the measured field strength is 

about 10 % less than the design value by POISSON, the integrated sextupole field satisfies the required 

strength. The measurement results were also well reproduced by OPERA3D. The measurement results 

and further calculations by OPERA3D will be taken into account for the final designs. 

5.3.5 Field Measurements 

The orthodox methods of the field measurement use rotating coils or flip coils. The rotating coils 

are for the quadrupole magnets and sextupole magnets, and the flip coils are for the bend magnets. 

The use of a laser and quadrant photo-diodes is effective in the positioning and alignment processes. 

Although these methods can work in principle, some magnets are too short to be equipped with 

surveying devises in this case. FUrthermore, the end-field effects become important when the magnets 

are short. Also, the narrow spaces between the magnets may cause some field interference with 

adjacent elements. An evaluation of the end-field effects using a 3-D computer code (TOSCA), field 

measurements of the actual configuration, the development of some methods to measure the integral 
of Band B' along an arc for the combined function bend magnets, etc ... are important subjects. 

5.4 Alignment 
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Figure 5.10: Active Support Tables for the Arc Section 

For obtaining a very low-emittance beam, the magnets of the ring must be aligned within 30 JLm. 

The relative movement of the magnets due to ground motion is, however, shown to be of the same 

order as the tolerance mentioned above [2]. We must therefore correct the relative movement between 

the magnets automatically. For this purpose, we will install a set of magnets on an active support 

table, whose position can be controlled so as to keep the relative alignment between the tables stably. 

We will also mount each wiggler magnet on an active support in order to control its position and 

orientation. 

5.4.1 Design of the Tables 

Tables for the Arc Section 

Figure 5.10 shows the tables for the arc section. The table comprises a base plate, three movers, a 

surface plate, and joints between the movers and the surface plate. A set of magnets, i.e. one bending 

magnet, two quadrupole magnets, and two sextupole magnets, are mounted on each table. 

The alignment of the magnets on the table is carried out in an alignment hut in the ring tunnel. The 

table with magnets is then moved and installed in the beam line. 

Base Plate 

The base plate made of iron with a thickness of 30 mm. This thickness was chosen so that the magnet 

alignment will not be disturbed due to any distortion of the base plate during movement from the 

aHgnment hut to the beam line. 
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Support sphere 

Rail for Z-axis 

Figure 5.11: Assembly Drawing of the Mover. 

Mover 

Three movers are bolted onto the base plate. One of them has three stages: the lowest stage moves 

in the beam direction (in z-direction), the middle one horizontally and perpendicularly to the beam 

(in x-direction), and the highest one vertically (in y-direction). The other two have only two stages, 

each: an x-stage and a y-stage. Each stage moves along linear rail guides. The z-stage is manually 

driven, while the x- and y-stages are moved by ball screws driven by pulse motors. The range of the 

movement is ±2.5 mm. 

Surface Plate 

The surface plate has a non-magnetic top plate and an iron bottom plate. A non-shrink mortar is 

filled between the plates. We made three types of surface plates for a trial: one has an aluminum 

upper plate, another a stainless one, and the other a mortar surface in which several small plates of 

stainless steel are attached to mount and bolt the magnets. Comparing these three mutually, we have 

chosen the stainless upper plate because it is convenient for alignment work and hard to be scratched. 

The thicknesses of the upper and bottom plates are 20 mm and 15 mm, respectively. The surface 

plate has a total thickness of 170 mm and a weight of about 1 t. 
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Joints between the Movers and the Surface Plate 

Joints are inserted between the movers and the surface plate to make the table movement smooth. 

Each joint consists of a ball bearing and a cradle. The ball bearing is for conveying heavy goods, and 

comprises a large ball to hold weight and small balls to make the rotation of the large baH smooth. It 

is fixed on the top of the mover, and the cradle is attached to the bottom surface of the surface plate. 

To make the mover design simple and to reduce the cost, we use three types of cradles. The cradle 

for mover A (see Figure 5.13) has a conical hollow in which the ball fits. Therefore, this joint has 

degrees of freedom for rotation around the center of the baU, but no degree of freedom for movement 

in the x-z plane. The cradle for mover B has a V-shaped groove where the ball fits. Although the 

surface plate can move freely along the direction of the groove (z-diredion): it is constrained in the 

transverse direction (x-direction). Since the cradle for mover C is a flat plate, the surface plate can 

slide in any direction. 

Support for the Wiggler Magnet 

What is important concerning the wiggler magnet is to maintain its vertical position. For this purpose, 

each wiggler magnet is installed on a support comprising a base plate and three movers. The mover 

has only a y-stage, whose design is basically the same as that of the mover for the arc section. We 

use ball joints between the movers and the 'wiggler magnet for smooth movement. \Vith this support: 

we can control the vertical position, roll (rotation around the z-axis), and pitch (rotation around the 

x-axis) of the wiggler magnet. We gave up trying to control the yaw (rotation around the y-axis), 

because small effects due to a misalignment of the yaw can be corrected by horizontal steering and 

quadrupole magnets. 

5.4.2 Safety against Earthquakes 

The accelerator components must be earthquake-proof. The wiggler magnet on its support is top

heavy, and seems to be rather weak against earthquakes. We have therefore carried out a shaking test 

and have made sure of the safety [2]. 

5.4.3 Test of the Positioning Resolution 

Table for the Arc Section 

Tests were carried out with a dummy weight. of 865 kg on the table instead of the magnets. The 

vertical displacements ,\-vere measured at points a, b, c~ and d shown in Figure 5.13 with an accuracy 

of2J.1m. 

First, the vertical positioning was tested. The surface plate was raised and then lowered by about 
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Figure 5.12: Support for the Wiggler Magnet 
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Figure 5.13: Position of the Aleasurement 
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Figure 5.14: Results of the test of vertical positioning with a magnet mover. 

1.3 mmi this up-and-down cycle was repeated once more. Although the results show good linearity, it 

moves on different trajectories when it is raised and lowered (Figure 5.14). Although two trajectories 

are apart from each other by about 5 Jjm, the reproducibility of each trajectory is very good. We 

consider that this phenomenon is due to backlash of the ball screw of the y-stage. In order to estimate 

the performance of the table, we chose one trajectory and made a linear fit. The deviation from the 

fitted line is shown in Figure 5.15. The vertical position of the table can be controlled within an 

accuracy of better than 2 Jjm. 

Tests of the roll and pitch were carried out as well. The results also show double trajectories due to 

backlash. A linear fit was made with the data on each single trajectory. Deviations from the fitted 

lines are shown in Figures 5.16 and 5.17 for the pitch and roll, respectively. The pitch angle can be 

controlled within 2.5 Jjrad, while the error in the roll angle becomes about 10 Jjrad. 

We suppose that the reason for this difference between the pitch and roll is that the joint having the 

cradle with the V-shaped groove does not function well for rotation around the axis parallel to the 

direction of the groove. 

As for this problem, a new joint comprising a ball joint and a linear ran guide has been developed. 
Preliminary results show that it works well. We expect that the deviation of the roll will be reduced 

with the new joints to the same level as that of the pitch. 

Support of Wiggler Magnets 

The wiggler magnet was mounted on its support and moved up-and-down twice. The range of the 

movement was about 1.3 mm. The results show the same features as those of the support table: good 
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Figure 5.17: Deviation from the Fitted Line: Roll 

linearity and a double trajectory due to backlash. The fit to one trajectory shows that the vertical 

position can be controlled to within 3 J1.m, (Figure 5.18). 

Preliminary Results of ATF Alignment 

About 300 magnets for the ATF damping ring were roughly aligned within an accuracy of 200J1.m 

in January, 1997. Since one combined bending magnet, two quadrupole magnets and two sextupole 

magnets were set on one active girder within an accuracy of 31J1.m, we could align them precisely using 

a beam-based alignment and movers. A scattered plot of the setting error of the transverse position 

and longitudinal setting error are shown in Figures 5.19. 
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Figure 5.19: Scattered plot of the transverse setting error and longitudinal setting error, which were 
measured on magnets of the ATF 14 active girders using a 3D mobile tracking system 
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5.5 RF System 

5.5.1 General Description 

The damping-ring RF system must be reliably operated so as to provide a sufficiently stable acceler

ating voltage as well as to accommodate a suitable low-impedance environment for the beam. The 

design should be made while taking the following requirements into account: 

1. 	Provide a sufficient voltage to obtain an energy acceptance of more than 1.2% and to obtain a 

short bunch length of less than 5 mm. 

2. 	 Provide sufficient power to compensate for a synchrotron- radiation loss of 758 ke V /turn and 

parasitic mode loss. 

3. 	 Avoid any longitudinal and transverse coupled-bunch instabilities caused by higher order modes 

(HOMs) of the accelerating cavities up to the maximum beam current of 553 rv 790 rnA. Also, 

the broad-band impedance of the cavity section should be sufficiently small to avoid turbulent 

bunch lengthening. 

The choice for the accelerating frequency is determined by the bunch spacing of the beam, and by the 

availability of klystrons or other RF devices. The frequency should be a sub-harmonic of 2856 MHz, 

the injector linac frequency, in order to synchronize the beam to the linac RF during injection and 

extraction. Since the bunch spacing is 1.4 nsec, frequencies of 714 MHz and 1428 MHz are candidates. 

The frequency of 714 MHz is considered to be adequate for the following reasons [2]: 

a) With a lower RF frequency, the growth rate of the coupled-bunch instability caused by the 

accelerating-mode impedance of the cavities is small. Also, the shifts in the stable bunch posi

tions, which arise from the modulation of the accelerating voltage induced by the gaps between 

the bunch trains, becomes small with a lower RF frequency. 

b) High-power devices, such as a klystron and an input coupler, can easily be realized for a lower RF 
frequency. 

c) The 714 MHz RF systems have already been built for the SLC damping ring at SLAC and for the 

ATF damping ring at KEK, and many key devices have already been developed. 

We consider here the 714 MHz RF system, which is based on the technologies developed for the ATF 

damping ring. The principal parameters of the RF system are given in Table 5.10. 

By using four HOM-damped cavities, which have been developed for the ATF, a total gap voltage of 

1.2 MV can be produced. The synchrotron radiation loss of 758 keY /turn is about five times larger 
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RF frequency fRF [MHz] 714.000 

Harmonic number h 660 

Total gap voltage Vc [MV] 1.2 

Number of cavities Nc 4 

Maximum beam current (Io)max [rnA] 600 

Beam Energy Eo [GeV] 1.98 

Radiation loss/turn Uo [MeV] 0.758 

Revolution frequency fr [111Hz] 1.0818 

Longitudinal radiation damping time Te [msec] 2.6 

Natural energy spread (a£/ E)o 8.62 x 10-4 

Momentum compaction factor a 8.02 x 10-4 

RF bucket height (~E/E)max 1.25 x 10-2 

Natural bunch length as [mm] 4.85 
Synchrotron frequency fs [kHz] 6.8 
Synchronous phase* CPs [deg.] 140.8 
Shunt impedance/cavity** Rsh [Mn] 4.0 
Unloaded-Q Qo 24,000 
Loaded-Q QL 3,400 
Cavity coupling coefficient (3 6.0 
Cavity filling time TJ [J.ls] 1.53 
Wall loss/cavity (Pc)cell [kW] 22.5 
Beam-Ioading/ cavity (Pb)eell [kW] 114 
Transmission power/window Pwindow [kW] 136 
Total generator power (at 600 rnA) Pg [kW] 545 
Cavity tuning angle (at 600 rnA) 't/J [deg.] -41.5 
Cavity detuning amount (at 600 rnA) ~f [kHz] -92 

*sin CPs = Uo/eVe 
** Rsh V 2/Pe 

Table 5.10: RF system parameters--of the damping ring. 
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than that of theATF damping ring. As a result, the beam-loading per cavity becomes much heavier. 

The input coupler, which can handle a transmission power of more than 140 kW, should be newly 

developed. The total power required for the power source amounts to 550 kW. CW klystrons capable 

of providing more than 100 kW are not immediately available, and should thus be developed. 

Because of the very narrow beam pipe used in the damping ring, the cutoff frequencies are very high, 

for example, 9.56 GHz for the TM01-mode in the case of an inner diameter of 24 mm. In order to 

store a high beam current of 600 mA without experiencing coupled-bunch instabilities, it is essential to 

reduce the higher-order-mode (HOl\1) impedances of the cavities up to this cutoff frequency. It is also 

very important to design the beam-line components carefully in order to avoid resonance structures. 

5.5.2 Damped Cavity 

The requirements for the cavity HaMs are roughly given by: 

(RshIQ) . Q. ires < 40 [kn·GHz/ring] for monopole modes, 

(RT IQ) . Q < 200 [kn/m/ring] for dipole modes, 

where Rsh is the shunt impedance (= V 2 I P), ires the resonant frequency of the HOM, and RT the 

transverse impedance. We assumed that a single HOM resonance contributes to the growth of the 

instability. We consider here the use of the 714-MHz HOM-damped cavity, which was developed for 

the ATF damping ring [2, 7]. It was demonstrated that this cavity can provide a gap voltage of more 

than 400 kV /cavity, and has an excellent performance of low HOM impedances. 

The 714-MHz HOM-damped cavity has four HOM-damping ports to extract HOM power. Figure 5.20 

shows a cross-section of one cavity unit. Each damping port is a flat waveguide of 170 x 20 mm, with 

round corners of 5 mm in radius. The cutoff frequency of the waveguide was chosen to be 887 MHz, 

higher than the accelerating frequency of 714 MHz and lower than the lowest HOM frequency. The 

HOM power is extracted from the damping ports and is absorbed in the dummy loads, while an 

accelerating field is trapped in the cavity due to the high-pass characteristics of the waveguide. In 

order to effectively damp all of the harmful HaMs, it is essential to locate the damping ports at a the 

location where magnetic fields of the HaMs are strong. We designed the inner shape of the cavity so 

that the field patterns of the HaMs are not deformed too much from those of the cylindrical pill-box 

cavity. Then, the damping ports are put at the outer corner of the cavity where the magnetic fields of 
the HOMs are strong in the case of a pill-box cavity. In addition, a beam pipe damping scheme was 

introduced for the high-frequency HaMs. The power of the high-frequency HaMs are also absorbed 

in microwave absorbers installed in a large beam pipe (100 mm in diameter) located beside the cavity. 

The HO:Nl-damping characteristics were first investigated with the computer code MAFIA, using 

Slater's tuning method [4]. Then, the HO:Nl-damping characteristics were experimentally investigated 

using a cold model"cavity [5]. The characteristics of the most harmful HOIvIs are given in Table 5.11. 

Figure 5.21 shows the damped resonance spectrum measured on a cold model cavity. The HOM 

characteristics seems to be excellent, at least up to a frequency of 2.5 GHz. 
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Figure 5.20: Cross section of one cavity unit. 

Mode Calculated Measured 

f (GHz) Qex Rsh/Q or Rr/Q f (GHz) QL 

Tlvl011 1.075 7.1 62.5 (0) not visible 

TMII0 1.160 24 263 (O/m) 1.158 24 
TM111 1.363 24 726 (O/m) 1.363 19 

Table 5.11: Characteristics of the strongest HOMs. 
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Frequency (Start 0.5 GHz, Stop 2.5 GHz) 

Figure 5.21: Damped resonance spectrum with four waveguides and loads measured on the cold 

model. The measured 821 parameter between two rod antennas placed at both end plates is shown 
Abscissa: frequency, 0.5 - 2.5 GHz. Ordinate: 1821 1, 10 dB/ division. 
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Although good HOM damping characteristics are expected for higher frequency range of 2.5 - 10 GHz, 

further investigations, both on the calculation and the measurement, are needed for a verification. 

A high-power cavity was designed [6], fabricated and tested under high power [7]. The basic fabrication 

method was machining from copper blocks and assembling by brazing. Table 5.12 shows the prinCipal 

parameters of the high-power cavity. 

Resonant frequency ires [MHz1 714.000 

Unloaded-Q Qo 24,000 

Shunt impedance/Q Rsh/Q 166 n 

Shunt impedance Rsh 4.1 Mn 

Table 5.12: Parameters of the HOM-damped cavity. 

It was demonstrated that this cavity can be operated under up to a dissipated power of 50 kW, the 

maximum available power at the test bench, without any problems. This corresponds to a gap voltage 

of about 440 kV /cavity. Two cavities of this type were installed in the ATF damping ring, and are 

undergoing operation. Figure 5.22 is a photograph of the damped cavity installed in the ATF damping 

ring. 

To absorb the HOM power, two types of HOM loads have been developed [8, 9]. One is a broadband 

waveguide load which terminates the HOM damping port. Tiles of silicon-carbide (SiC) are brazed 

in a copper waveguide, and are used as microwave absorbers. The SiC's are cooled by heat transfer 

to cooling water pipes, which are brazed on a side wall. For the other type of the loads, a beam-pipe 

HOM load, a cylinder of SiC is used as a microwave absorber. It was fit in a copper pipe by a shrink-fit 

technique, and is cooled by heat transfer to a cooling water pipe brazed on the copper pipe. 

Beside using the HOM-damped cavities developed for the ATF DR, the use of the ARES (Accelerator 

Resonantly-coupled with an Energy Storage) is another solution. The ARES is a three coupled-cavity 

system, which was developed as a powerful countermeasure to the heavy beam-loading in the B

factory. Because of its large electromagnetic stored energy, the ARES is effective for minimizing the 

modulation in the cavity voltage induced by missing buckets in the damping ring. Since two types of 

508 MHz ARES's have been successfully developed at KEK, it will be possible to scale these designs 

to the frequency of 714 MHz. 

5.5.3 Power Sources 

An output power of 550 kW is required for the 714 :MHz power source. In order to supply this power 

below 80 % of the saturation level of the klystron, the maximum power of about 700 kW is required. 

Since there are no CW klystrons that are capable of providing more power than 100 kW, a new 

klystron should be developed. In the original design of the ATF damping ring, it is planned to use a 
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Figure 5.22: 714 .NIHz H01VI-damped cavity installed in the ATF damping ring. 

714-IvlHz 250 kW klystron which would be newly developed. However, due to the shortage of fund, 

this plan was frozen, and a commercial 50 k W klystron was used for the initial operation. For the 

damping ring) we consider here the use of four 200-kW class klystrons. Some of the design parameters 

of the klystron, which was considered for the ATF DR, are given in Table 5.13. 

Frequency range f 714 ± 111Hz 

Beam voltage Eb 44.9 kV 

Beam current Ik 11.1 A 

Output power Po 250 kW 

Efficiency 17 51 % 
Current density Jc 0.88 A/cm2 

Perveance 1.17 

Table 5.13: Some of the design parameters of the 250-kW klystron. 

Because fast control of the cavity voltage and phase will be required to compensate for any sudden 

change in the beam-loading during injection, a wide bandwidth of more than 1 lVIHz will be required. 

For a quick and economical development, the design will adopt as many components of those of the 

present klystrons as possible. Each klystron is connected to each cavity, being isolated from each 
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other by using a circulator. 

In the damping ring, beams are injected by a train of 90 bunches. When the ring is initially filled, the 

beam current increases by a step of 120 mAo Since this causes a sudden change in the cavity voltage 

and phase, a compensation of this change is needed to fill the ring. A low-level system having this 

function has been developed and will be tested in the ATF. 

5.5.4 Summary 

The 714-1tlHz damping ring RF system can be basically realized based on the technologies developed 

for the ATF damping ring and for the KEKB. For the accelerating cavities, there are two candidates, 

the HOM-damped cavity for the ATF, and the ARES cavity developed for the KEKB. Both of them 

are damped cavities in which the higher order modes are heavily damped. The former cavities are 

already under operation in the ATF, and are readily available. On the other hand, the ARES has 

a unique advantage in that it can minimize the modulation of the cavity voltage induced by the 

empty buckets. In this case, some developments are needed to realize a 714-MHz ARES, since the RF 

frequency of the KEKB (508.6 MHz) is different from that of the damping ring. In both cases, there 

is a need for extensive R&D to evaluate HOM impedances at high frequency up to 10 GHz. 

High-power 714-MHz klystrons capable of providing 200-kW class power should be developed. A fast 

control for a sudden change in the beam loading is required for the low-level RF system. It is expected 

that much experience, that will be extracted from the operation of ATF damping ring, is reflected to 

the detail design of the RF system. 

5.6 Vacuum System 

The vacuum system of the damping ring must be designed so as to achieve a pressure that does 

not cause an unacceptable emittance growth through beam-gas scattering. The gas desorption in an 

electron storage ring is dominantly induced by the irradiation of synchrotron radiation (SR), which is 

called photo-desorption. 

The damping ring will have circulating beam currents of 600 mAo The density of the SR photons at 

the chamber wall will reach 2 x 1019 and 1 x 1019 photons per meter per second in the wiggler section 
and bending sections, respectively. The photo-desorption rate of the chamber wall is conservatively 

assumed to be 1 x 10-5 molecules per photon. The aimed average pressure of our ring is below 

6 x 10-6 Pa. Therefore, the required pumping speed of the ring was found to be 140 and 70l/s/m for 

the above two sections, respectively. The basic design concept of the ring is summarized as follows: 

1. 	First, suitable materials for some of the vacuum components must be selected. Most of the 

vacuum chambers will be made of the extruded aluminum alloy. Copper will be used for the SR 
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absorbers and a vacuum chamber that will be set under the hard radiation fan. Stainless steel 

will be used for the bellows. All of the vacuum chamber will be baked to 150°C for 24 hours 

before assembly at the beam line. 

2. 	 The vacuum chambers must be connected using optimized clamp-chain flanges that have no gap 

in the beam channel. The chambers will not be welded in situ due to the limitation of connection 

space. 

3. 	The synchrotron radiation should be localized using photon absorbers, especially in the arc 

section. This has a merit that it will be possible to minimize the area of high gas desorption. 

4. 	The basic cross section of the beam duct is a circle of 4>24 mm, except for the straight section. 

The wiggler chamber has a race-track shape, 15 mm high x 47 mm wide. These different cross 

sections should be connected with shallow transitions to keep the impedance contribution low. 

5. 	 Two types of bellows with a race-track and circular aperture should be used that are the same 

as that of the chamber's. The RF shield should be inserted into the bellows and gate valves. 

6. 	 A cold-cathode gauge should be installed in each cell to monitor the pressure of the ring. Addi
tional information can be obtained by monitoring the ion-pump currents, using B-A gauges and 

residual-gas analyzers. 

5.6.1 Vacuum Chambers 

A cross-sectional view of the wiggler chamber is shown in Figure 5.23 (a). The beam duct has cooling 

channels on both horizontal sides. Along the beam duct, two side channels for non-evaporable getter 

(NEG) pumps are installed. They are connected to the beam duct through slots that are created in the 

space between the cooling channel and the outer chamber wall. Three pumping ports are provided on 

the inner side of the ring to install ion pumps, some vacuum gauges and the roughing pump systems. 

The cross section of a bending chamber is shown in Figure 5.23 (b). The bending magnet is a combined 

type, and the gap between the magnet poles is open to the outside of the ring. We will add an ante

chamber to the beam chamber in order to localize the area irradiated by SR photons. Ion pumps and 

NEG pumps will be installed near to the photon absorber in order to evacuate the out-gas effectively. 

With a beam current of 600 mA, the maximum linear power density along the beam duct becomes 1.5 

kW1m for both the wiggler and arc sections. These chambers are cooled by water. In the ante-chamber 
the maximum temperature at the surface of the copper photon absorber will reach 130°C. 

An important issue concerning the vacuum system is to handle a large SR power load from wiggler 

magnets. It will exceed 5 kW at the crossing point of the chamber wall of the first bending chamber 

and an extrapolated center line of wigglers, a SR beam line. This load has to be removed from the 

ring to a specially designed cooling section through an extracted SR beam line, like SR light source 

rings. To make this beam line, we need specially designed quadrupole magnets and sextupole magnets, 

because the SR line interferes with these magnets. 
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Figure 5.23: Cross-sectional views of the chambers (a) for the wiggler magnet (b) for the bending 

magnet. 
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5.6.2 Pumping scheme 

The roughing pump system is connected to vacuum chambers by manually operated valves. The 

system consists of an oil-free turbomolecular pump with magnetic bearings and a dry pump. The 

pump will be mounted on a cart and disconnected from the vacuum chamber during operation, except 
for NEG pump activation. 

Sputter ion pumps (SIPs) will be mainly used in the ring. They will be placed just before the photon 

absorber so as to effectively evacuate desorped gases. The SIPs will have a 60 lis nominal pumping 

speed for straight chambers and 100 lis for ante-chambers. Linear NEG ribbons will be installed in 

two side channels of the wiggler chamber. They should effectively evacuate the desorped gases along 

the beam duct. Additional lumped NEG modules will be installed in the normal cell to support the 

SIPs. 

5.6.3 Beam-Gas Scattering 

Scattering of the beam with residual gases in the vacuum chamber leads to a beam loss and an 

emittance growth of the beam. 

Regarding the emittance issue, several persons [2] have evaluated the distribution function of an 

electron bunch. The result is different from a Gaussian, and has a long tail distribution. Since we are 

interested in the central region of the bunch, the effect to the beam emittance is not very large. If 
we accept a vertical emittance growth of 10%, an average pressure of the ring below 6 x 10-6 Pa is 

needed, which is a realistic pressure to achieve in the ring. 

For the beam loss, the beam lifetime is calculated by formulae of elastic scattering, Bremsstrahlung 

and ionization of the gases. The calculated beam lifetime is 40 minutes at an average pressure of 

6 x 10-6 Pa. There is sufficient time to store the beam in the ring, because the electron bunch will 

be extracted 200 ms after injection. 

5.7 Beam Instabilities 

5.7.1 Single-Bunch Instabilities 

A single-bunch instability, especially in the longitudinal plane, must be avoided in a damping ring. If 
the intensity exceeds some threshold, it can damage not only the longitudinal emittance, but also may 

cause a so-called saw-tooth phenomena, which totally degrades the performance of the linear collider. 

Therefore, the impedance of the vacuum chamber and components should be carefully evaluated. 
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First, a rough estimation of the threshold is given by the formula 

IZ/ I = E 'Y Zo Q;p(T~(Tz (5.14)
nth V'2 Te N ' 

where Zo is the vacuum impedance and T e is the classical electron radius. In the case of the damping 

ring, Equation 5.14 gives 0.15 n at N = 1 X 1010. 

The impedance sources in the ring are listed in Table 5.7.1. They were estimated by TBCI and ABCI 

IZ/nl/unit (mn) Number of units IZ/nl/ring (mn) 

Rf cavities 40 5 200 

Vacuum pump slots 6 x 10-4 3600 2 

Monitor electrodes 0.02 4 x 100 8 

Bellows 0.4 80 32 

Septum chamber 0.7 2 1 

Rf quadrupoles 6.4 2 13 

Tapered transitions 1.5 4 6 

Clamp flanges 0.04 60 2 

Gate valves 0.8 6 5 

Photon masks 0.5 20 10 

Kicker chambers 2.1 2 4 

Rf absorbers ~ 50 

Total 331 

Table 5.14: Impedance sources. 

codes. Although the specific impedance (IZ/nl) reaches 0.33 n, 2/3 of the total comes from the rf 

cavities, whose major contribution is capacitive. We thus expect that the actual threshold is higher 

than that given by Equation 5.14. 

5.7.2 Multi-bunch Instabilities 

In the case of a high current and a large number of bunches in the ring, a cure for the coupled-bunch 

effect must be considered. The possible effects of the RF cavities are: 

1. Longitudinal coupled-bunch instabilities caused by the accelerating mode, 

2. A shift of the longitudinal bunch position due to beam-loading, and 

3. Longitudinal and transverse coupled-bunch instabilities due to the higher order modes. 

In addition, the wake-field of the resistive wall of the vacuum chamber has an important effect on the 

transverse coupled-bunch motion. 
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Because of the high beam current and large circumference, the band width and detuning frequency 

of the cavities should be comparable with the revolution frequency. Then, the growth rate of the 

"-I" mode, excited by the tail of the impedance of the accelerating mode, can be higher than the 

radiation-damping rate under some conditions. This instability can be avoided by using a low RF 

frequency, high accelerating voltage with low-RIQ cavities. The design of our RF system will achieve 

this condition. Another solution is RF feedback for specific oscillation modes. The growth rate of 

the cou pled-bunch motion has been analytically estimated to be less than 100 s -1 in the case of the 

highest current, which is less than the radiation-damping rate. The stability of bunches has been 

checked by tracking simulations of rigid bunches, including the wake-field of the accelerating mode. 

Since the bunches are not uniformly distributed over the ring because of the gap between the trains, 

each bunch feels a different wake-field (beam-loading) induced by the preceding bunches. The bunch 

energies are the same, so as to keep the revolution frequency unchanged. As a result, the head bunch 

in a train delays and tail bunch advances from the nominal positions. The shift in the positions would 

become comparable with the bunch length under some conditions. A high accelerating voltage with 

low RIQ can reduce this shift. In addition, an RF system for beam-loading compensation will be 

installed to test the minimization of the shift. This system has an idling cavity (no power is fed) 

having a resonance frequency of /main Nt/rev - D" where /main is the frequency of the main RF 

and Nt the number of trains, /rev the revolution frequency and D, the detuning frequency. The 

required peak voltage is about 50 kV. It is possible to install more than one cavity with frequency 

/main - nNt / rev D" n = 1,2,3, ... to obtain more precise compensation. The behavior of bunches 

with this beam-loading compensation system has been studied by tracking simulations. 

The longitudinal instabilities caused by the higher-order modes (HOM) can be suppressed by the 

damped cavity (cavity with low Q values of HOMs). In the case of the highest beam current, the 

threshold Q of HOMs estimated by a tracking simulation is 

(RIQ) x Q x / rv 104 for each monopole mode, 

where / is the frequency of each mode in GHz and RIQ is in f2. This value agrees with analytic 

calculations for uniformly distributed bunches having the same total current. 

The transverse instabilities can be suppressed by a damped cavity and the bunch-to-bunch tune spread 

in each train. The requirements were estimated by a tracking simulation to be: 

(R/Q) x Q rv 106 (f2/m) for each dipole mode, and 

Dn rv 1 X 10-3 , 

where Dn is the peak-to-peak betatron tune difference in a train. These values also agree with the 

analytic result for uniformly distributed bunches having the same total current, assuming that the 

bunches in a train are decoupled because of different tunes. These requirements concerning the RF 

cavities can be satisfied, as described later, and the tune spread can be obtained by an RF quadrupole. 

The tune difference is also expected to suppress the transverse coupled-bunch instabilities due to the 
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resistive wall wake-field. In these estimations, bunches were assumed to be rigid point charges. Some 

single-bunch effects, for example a head-tail effect with positive chromaticity, are expected to increase 

the damping rate of coherent oscillation and to relax the requirements. These effects will be tested in 

the ring. 

The thresholds of the longitudinal and transverse coupled-bunch instabilities caused by a higher-order 

resonance with impedances R" and RJ... at the resonant frequency (/r) are roughly estimated by the 

formulae 
EI/z

RU,th ,
ITzcxplre 

(5.15) 
ETo 

RJ...,th 
IT{3{3e' 

where {3 is the beta function at the cavities. Equation 5.15 assumes a uniform distribution of bunches; 

the worst case is when the coupled-mode hits the resonance exactly. In the case of the ATF damping 

ring, this threshold is 

RII,th 

(5.16) 

RJ...,th 16kO/m, 

where we have used {3 8 m and T{3 = Ty 4.8 ms. The longitudinal threshold is satisfied by the 

damped cavity in the longitudinal direction, as discussed later. The transverse is cured by a damped 

cavity together with a bunch-to-bunch tune spread of t::..1/{3 10-3 introduced by an rf quadrupole.rv 

According to the tune-spread, the transverse threshold is effectively increased to be Nb-times bigger 

than Equation 5.16. 

The actual threshold with a real bunch-train distribution including transient phenomena has been 

studied by multi-rigid-bunch simulations. The results show that conditions 5.15 and 5.16 are accept

able for the threshold. 

The resistive wake of the vacuum chamber is another source of the coupled-bunch instability. The 

growth rate is estimated by 

1/ 

(5.17) 

- 2ft~ exp(iI/21l"n)
G*(21l",I/) 

- ~ (21l"n) 1/2 ' 
n=l 

where a = 3.5 x 107n- 1m- 1 is the conductivity of aluminum. The growth rate is 10 ms for N = 

1 X 1010. 
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5.8 Remaining Issues 

Here is a partial list of remaining issues to consider in the design of the damping rings. 

• For making the final choice of the lattice scheme, obviously some more systematic and compar

ative studies of several lattice configurations, as discussed in section 5.2, are required. 

• 	 A series of experiments are planned at the ATF damping ring. Without doubt, a large amount 

of operational experience to be gained there would be fed back to all aspects of the final design 

of the damping rings. 

• 	 In particular, injection and extraction kicker magnets with a high-quality flat top and fast rise

and fall-times for multi-bunch operation of the damping rings are crucial for stable operation 

of the system. A thorough understanding of this issue will require more hardware R&D and 

prototype studies. 

• Use of long sections of wiggler magnets in the real-life damping rings is very likely, as discussed 

in section 5.2. In the light of operational flexibility, possibilities must be considered for cases 

where the damping rings are operated at various excitations of those wiggler magnets. This 

leads to a varying ring circumference, depending on the operating condition of the wigglers. 

Provisions must be made to adjust the ring circumference and/or the ring RF frequency to cope 

with such possibilities. 

• 	 Dynamic aperture and its sensitivity to the construction and operational errors of the damping 
rings needs much more systematic studies. For the positron system, this issue needs to be 

considered in conjunction with the design of the pre-damping ring, and the expected positron 

beam emittance from the production area. 

• 	Potential problems with the Fast Ion Instabilities (FEI) in the electron damping ring, and the 

Photo-electron-Induced Instabilities (PEl) in the positron damping ring could be quite serious. 

Their expected magnitudes and possible cures must be investigated. Experience to be gained 

from operation of the ATF damping ring, as well as that of KEKB and PEP-II B-factory rings, 

would be extremely helpful in understanding these, and to come up with workable solutions. 
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6.1 Bunch Compressor 

6.1.1 Introduction 

With the given beam emittance a higher luminosity can be obtained generally by making the (3 

function at the collision point smaller. However, when (3 becomes comparable or smaller than the 

bunch length, the luminosity is limited because of hourglass effects. Thus, at JLC a short bunch is 

needed to attain high luminosity. A short bunch length is also helpful for minimizing the adverse 

effects of short-range wake-field in the main linacs. From these considerations the proposed beam 

parameters of JLC require an RMS bunch length of 90 . p.m in the main linacs. 

The bunch length expected out of the 1.98 GeV damping ring (DR) is 4.85 mm with an energy spread 

of 0.862 x 10-3 . Thus, a compression of bunch length by a factor of 1/53.9 is required. Due to 

preservation of the emittance in the longitudinal phase space, this process causes an increase in the 

energy spread by the inverse factor. Such a large energy spread cannot be accepted by the main linac 

without fatal emittance growth across the rest of the machine, and in the compressor, itself. It is 

therefore necessary to have a system that consists of two compressors, between which an intermediate 

linac (pre-linac) accelerates the beam to reduce the relative energy spread within the acceptable range. 

In the following sections, the number of particles in a bunch and the number of bunches in a train are 

assumed to be 0.72 x 1010 and 85, respectively. 

6.1.2 Basic Parameters 

In this section we discuss the choice of the beam energy at the second compressor and the compression 

factors of the first and the second compressors. A key issue here is the energy spread at each stage in 

those steps. The multi-bunch beam-loading in DR, if not compensated within DR, brings about an 

equal, but reduced, equilibrium bunch spacing. Such deviations of the bunch longitudinal positions 

are mapped to different energies at the exit of the first compressor (referred to as BC1 hereafter). The 

BC1 performs a 90° phase rotation in the longitudinal phase space. The position deviation amounts 

up to 4.85 mm (one az-equivalent of the DR bunch length). This position deviation is translated into 

an energy shift of one at: at the cavity of BCl. 

Figure 6.1 shows a schematic view of the bunch compressor system. This system consists of two bunch 

compressors and a pre-linac. The pre-linac reduces the energy spread to be seen by the second bunch 

compressor (BC2). There must be a trade-off between the cost of the pre-linac versus the difficulties 

of the transport in BC2 and in the first portion of the linacs. In the following we choose 10 GeV as 

the beam injection energy into the main linacs. The RMS energy spread at the entrance of pre-linac 

and main linac is approximately 1 %. The compression factors of BC1 and BC2 are 0.083 (1/12) and 

0.200 (1/5): respectively. Table 6.1 shows the basic parameters of the bunch compressors with linear 
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Figure 6.1: Schematic view of the bunch compressor system. 

theory. 

Location Energy spread(lO') (%) Bunch length(mm) 

exit of Damping Ring 0.0865 4.82 
exit of BCl 1.042 0.400 
exit of Pre-Linac 1.042 --+ 0.2084 0.400 
exit of BC2 l.042 0.080 

Table 6.1: Basic parameters of bunch compressors 

6.1.3 First Compressor (BC1) 

There are two major issues which should be taken into consideration in the design of BCl. 

One issue is a bunch-position shift that is generated in a damping ring. The beam-loading in the 

damping ring causes an equal, but reduced bunch spacing within a train. If the beam is directly 

injected to the linac without adequate treatment, this can result in unequal acceleration in the linac. 

Another issue is that, at the exit of the damping ring, the particle distribution in the longitudinal 

phase space has a large spread in z, rather than in 0 (momentum deviation). 

\Vith those issues in mind, a 90° rotation system is adopted in BCl (Le., rotation in the longitudinal 

phase space). With such a phase space rotation, the relative position shifts of individual bunches at the 

entrance of BCl are translated into a bunch-to-bunch energy spread at the BCl exit. The extraneous 

energy spread can be reduced during acceleration in the pre-linac in terms of the relative energy 

deviation. Furthermore, the small energy spread at the damping ring exit is utilized for obtaining 
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Main Cavity Voltage VM 142.5 11V 

Frequency fM 1428 MHz 

Phase 1/J -95 degrees 

Length LM 9 m 

Compensation Cavity Voltage Ve 29.06 :NIV 

Frequency fe 2856 MHz 

Length L±M 1.5 m 

Beat Frequency Af 1.084 MHz 

Momentum Compaction of Wiggler R56 0.465 m 

Table 6.2: Parameters of the first bunch compressor 

a small bunch length at the exit of BC1 for the case of 90° rotation. The parameters of BC1 are 

summarized in Table 6.2. 

Longitudinal Optics of Bel 

The condition of 90° longitudinal phase rotation and that of the transfer matrix are given by: 

M = ( 1+ ~R56 R;6) (6.1) 

a; = (1 + kR56?a;0 + 2R56(1 + kR 56) < Oozo > +Rg6a30, 
(6.2) 

a3 = k2a;0 + 2k, < Oozo > +a30, 

where all of the parameters are defined in Table 6.2, except for k; k is the local slope of the RF voltage 
normalized to the nominal energy, which is defined by 

k=_21r!M VMsin(1/J) . (6.3) 
c Eo + VM cos(1/J) 

Here, Eo is the injection energy for an electron or positron beam to BC1 cavity, and c is the speed of 


light. In the present design, Eo is 1.98GeV. 


When we impose the following condition to the beam transfer matrix of Equation 6.1, the longitudinal 


phase space is rotated by roughly 90° and a small energy spread is obtained at the exit of BC1, 


1 + kR56 = 0 (6.4) 

Strictly speaking, the longitudinal phase space is not really rotated by 1r /2 in this case. However, 

since the correlation between the bunch length and energy spread is small, it is not considered to be 

a major problem here. The Twiss parameters in the BC1 system are shown in Figure 6.2. 
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Figure 6.2: {3 function and dispersion function in BCl 

Cavity Section of BCI 

In this design, we primarily consider the L-band acceleration for the BC1 cavity system. This would 

require roughly a 9 m longitudinal beam line space for generating the peak accelerating voltage of 

142.5 MeV. Another possibility is to use the S-band frequency for the BCl cavities. The S-band 

cavities would occupy roughly a 3 m beam line length, and will need to generate a peak accelerating 

voltage of 71 MeV. However, the nonlinearity of S-band accelerating, relative to the injected bunch 

length, causes a nonlinearity in the longitudinal phase-space distribution of a single bunch. Such 

nonlinear components in the bunch distribution would cause the development of energy and position 

tails at the exit of the bunch compressor. For these reasons, L-band acceleration is chosen for the 

BC1 cavities. 

Wiggler Section of BCI 

The wiggler section, which generates the intended momentum compaction factor (R56) in BCl consists 

of 6 chicanes. Each chicanes consists of 4 rectangular-type dipole magnets, which has the length of 

1.5 m and a magnetic field of 6.96 kG. Quadrupole magnets are arranged between the chicanes, and 

form the FODO cells, as shown in Figure 6.2. 
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Multibunch Beam-Loading Compensation in BCI 

In the damping ring up to 5 (five) bunch trains are stored at one time. Each bunch in the damping 

ring feels a different accumulated wake-field of the fundamental mode. The trailing bunches feel a 

larger wake than the preceding bunches do. Since the energies of those bunches must be the same 

in the ring, different loaded voltages for individual bunches result in different equilibrium positions 

of the bunches. If only the fundamental mode is taken into account, the position shift is an almost 

linear function of the bunch number, and it amounts to 4.85 mm (roughly equal to the natural bunch 

length, itself). However, when the bunch train travels into Bel, the position shift is converted to an 

energy shift between bunches in the train. 

If a multi-bunch energy shift is perfectly compensated at the exit of the Bel cavity, a large amount 

of position shift is generated at the entrance ofpre-linac (Figure 6.3(a)). However, if no beam-loading 

compensation is practiced, the transient beam-loading in the cavity of the bunch compressor, itself, 

produces an energy spread among bunches (Figure 6.3(b)). This brings about an incomplete rotation 

in the longitudinal phase space, that results in different longitudinal positions in the linacs. This will 

cause an energy spread again. Therefore, the beam-loading must be compensated for the amount of 

beam-loading in the Bel cavity (Figure 6.3{c)). 
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Figure 6.3: Transformation of the longitudinal phase space (z,~) in BC1. Effects of beam-loading 

are shown: 

(a) The case in which a multi-bunch energy shift is perfectly compensated 

(b) The case in which no beam-loading compensation is practiced 
(c) The case in which the beam-loading is compensated by the amount of loading in the Bel cavity. 

This is the scheme adopted for this design study. 
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6.1.4 Issues Related to Pre-linac 

The design of the pre-linac sections which bring the beam energy from 1.98 GeV of the damping 

ring exit to 10 GeV at the entrance of main linac is discussed in detail in Section 6.3. Here, we 

briefly comments on two issues related to the design of pre-linacs from the standpoint of operating 

the bunch compressor systems, namely, single-bunch beam-loading and multi-bunch beam-loading 

compensations. 

Single-bunch Beam-Loading in Pre-linac 

The empirical formula for single-bunch beam-loading was derived by K. Yokoya for short bunches as 

follows[l]: 

(6.5) 


WLO = 0.988ro.078 WLI = -1.474ro.371 W L2 = 0.702ro.784 

( Ls/a2 

r a/0.42L 

L ( cavity cell period ) 

A ( RF wave length ) 

a = (structure iris aperture ) 

Zvac ( vacuum impedance) = 377ft 

From comparison with a rigorous theoretical treatment of the problem, Equation 6.5 is known to be 

valid under the following conditions: 

0.10 < a/A < 0.18 

o < s/L < 0.1 

The longitudinal phase space is modulated by a short-range wake-field. For a given choice of the RF 
phase of the pre-linac, because of the beam-loading effects, each bunch becomes subject to a certain 

rotation in the longitudinal phase space. This results in a specific single-bunch energy spread at the 

exit of the pre-linac. Figure 6.4 shows the longitudinal phase-space distribution for four pre-linac 

phases: _6°, _4°, _2°, and 0°. In this figure, the longitudinal Twiss parameter OL is defined in a 

way similar to that of the transverse Twiss parameter oX,Y' meaning to characterize the rotation of 

the longitudinal phase ellipse. 

In addition to the phase-space rotation, for a given RF phase choice, a certain growth in the longi

tudinal phase space also occurs. Its magnitude has been calculated. Figure 6.5 shows the estimated 

longitudinal emittance growth, together with the expected longitudinal Twiss parameter, as functions 

of the pre-linac RF phase. In our design, the pre-linac RF phase was chosen to be _1°. 
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Figure 6.4: Longitudinal phase-space distributions at the exit of the pre-linac 

JLC Design Study, April, 1997 



142 	 Chapter 6. Bunch Compressor and Pre-linac 

0 

-0.2 

...J 
I co

..c: 
c. 
co 

-0.4 

-0.6 

-0.8 

-1 

-o-alpha_l 

-. -longitudinal Emittance Growth Ratio 

.. 
I 

I 
I 

II 
I 

I 
I 

II 

.. 	 .,. " rI'.-. - ..-........... 

/ 


1.5 

1.4 
r 
0 
:::J

1.3 	 '9. 
C c.. 
:r 
~1.2 	 m 
3 a· 
j).)

1.1 	 :::J 
0 
('D 

G> 

1 ~ 
:::J" 

::D e
0.9 	 c)" 

0.8 
-6 -4 -2 0 2 4 

Pre-linac Phase [degrees] 

Figure 6.5: Dependence of CtL and expected longitudinal emittance growth ratio on the pre-linac 
RF phase. 

JLC Design Study, April, 1997 



143 6.1. Bunch Compressor 

Multi-bunch Beam-loading Compensation Method in the Pre-linac 

There are at least two methods that are considered possible for compensating multi-bunch beam

loading effects: 

I) ~F Method ( The method with slightly different RF frequency ) 

2) ~T Method ( The method with input RF modulation) 

The longitudinal phase space is sensitive to an accelerating RF phase. If the leading and the trailing 

bunches are accelerated with different RF phases, the bunches will have different bunch lengths at the 

exit of the bunch compressor system. This means that the energy of bunches in a train should be not 

only be compensated, but the accelerating RF phase should also be kept in mind in bunch compressor 

system. 

The ~F method has an advantage in that it can compensate the beam-induced field, irrespective of 

the main RF field, since it utilizes other external RF fields with different frequencies. 

On the other hand, the ~T method utilizes the main RF field for the purpose of compensating the 

beam-induced field. Therefore, the phases of the effective field (the sum of RF field and beam-induced 

field) for the leading bunch and trailing bunch are different when the RF field and beam-induced 

field don't have a parallel phase. 

It should be noted that the BCI and BC2 cavities have an RF accelerating phase of -95°, Thus, 

the RF field of the BC1 or BC2 cavities and the beam-induced field have a relative phase difference 

of roughly 90°. Therefore, it is impractical to compensate for the beam-induced field by using RF 

modulation in the BCI and BC2 cavities. On the other hand, the phase of the RF field and that of the 

beam-induced voltage are different from around 180° in the pre-linac. Therefore, both compensation 

methods are possible to use in pre-linac. 

6.1.5 Second Compressor (BC2) 

Figure 6.6 schematically shows the shape of the longitudinal phase space in each stage of the second 

bunch compressor (BC2). It illustrates how the phase space is transfered. In BC2, we adopt an overall 

0°-phase rotation in longitudinal phase space. The bending sections (arc and chicane) are arranged 

at both sides of the BC2 cavities. The parameters of BC2 are given in Table 6.3. 
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i) Longitudinal Phase Space Distribution 
at the entrance of BC2 

ii) Longitudinal Phase Space Distribution 

at the exit of BC2 Arc 


---'~--~-r~---'~---+Z 

\'----l~ 

iii) Longitudinal Phase Space Distribution 

at the exit of BC2 Cavity 
 iv) Longitudinal Phase Space Distribution 

at the exit of BC2 

Figure 6.6: Longitudinal phase space of a bunch in each stage of the second bunch compressor, BC2. 

Transformation of the phase space is illustrated. 

Main Cavity Voltage VM 3705 MV 

Frequency fM 2856 MHz 

Phase 1/1 -95 degrees 

LM 150 m 

Compensation Cavity Voltage V±e 467.5 MV 
Frequency fe 2856 MHz 

Length L±e 21 m 

Beat Frequency fl.f 1.082 MHz 

Momentum Compaction of Arc Section R561 -0.187 m 

Momentum of Chicane Section R562 0.036 m 

Thble 6.3: Parameters of the second bunch compressor 

Longitudinal Optics in BC2 

The transfer matrix of the longitudinal phase space across BC2 is given by 

l\Jn l\J12)M = 
Jvf21 Jvf22 

(6.6)~ R~62) (~ n(~ R~61 ) 

1 + kR562 R561 + R562 + kR561R562 ) . 

k 1 + kR561 ' 
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where all of parameters are defined in Table 6.3. Twiss parameter for the longitudinal phase space is 

transferred according to the following relation: 

Ml1M22 + M12M21 
(6.7)-2Ml1AI12 

( 
-2M21 J..!22 

There are two conditions to be met by the longitudinal Twiss parameters at the exit of the bunch 

compressor system. One condition is that longitudinal f3 function should be 7.68 x 10-3 to obtain 

a 80j.Lm bunch length with linear theory; second condition is that OL must be zero for minimizing 

the energy spread. There are two adjustable parameters in BC2. One parameter is a momentum 

compaction factor in the arc section; the other is a peak voltage of the BC2 cavity. The two conditions 

of the longitudinal Twiss parameters at the exit of bunch compressor system are realized by suitably 

choosing these two adjustable parameters. 
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Figure 6.7: Required momentum compaction factor and peak voltage for various OL 

The relationship between the required momentum compaction factor in BC2 arc and the peak voltage 

in the BC2 cavity to OL is shown in Figure 6.7. The large OL require a low peak voltage in the 
BC2 cavity, and the large momentum compaction factor in the BC2 arc. The low peak voltage will 

relax the requirement of the accelerating voltage for BC2 cavity and the large momentum compaction 
factor requires the reduction in the number of cells in the BC2 arc. When the pre-linac phase is 

around on-crest, a large OL is generated. Therefore, the pre-linac phase has been chosen to be around 

on-crest. The parameters listed in Table 6.3 were chosen based on a more detailed simulation which 

included nonlinear terms. For this reason the parameters in Table 6.3 are slightly different from those 

shown in Figure 6.7. 
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Arc Section in BC2 

The arc section consists of 68 FOnO cells. Each cell consists of 2 dipole magnets, which has a length 

of 1.2 m with a magnetic field of 6.3 kG and quadrupole magnets, which has a thickness of 0.45 m 
and a pole-tip field of 7.1 kG. 

Phase Advance in a BC2 Arc FODO cell [degrees] 

Figure 6.8: Dependence of momentum compaction on the phase advances per cell of the FODO cell 

in BC2 arc. 

In this arc, the momentum compaction is easily adjusted by varying the horizontal phase advance of 

the FOnO cells. The variation in the horizontal phase advance per cell from 900 to 1350 changes the 

momentum compaction factor from -0.272 to -0.156 m, as shown in Figure 6.8. 

Cavity Section of BC2 

The cavity section of BC2 is driven at an S-band frequency of 2856 MHz. In this design study we 

have adopted a scheme where the multi-bunch beam-loading compensation is accomplished by using 

the ~F method. 

The design peak voltage of the BC2 cavity is 3.83 Ge V and the accelerating gradient of the cavity is 

25.4 JVIV1m. However, the maximum peak voltage can be increased up to 4.2 GeV for flexibility of 

initial longitudinal phase-space errors. 
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147 6.1. Bunch Compressor 

Chicane (Wiggler) Section in BC2 

The chicane section of BC2 consists of 16 rectangular-type dipole magnets, which has a length of 

2.5 m and the magnetic field of 0.99 kG. The quadrupole magnets are arranged between the chicanes 

and form FODO cells, as shown in Figure 6.9. The field strength of dipole magnets has been chosen 

so as to stay within the cut-off condition of coherent synchrotron radiation. 
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Figure 6.9: {3 Function and Dispersion Function in BC2 

6.1.6 Simulation Studies 

Some simulation studies have been conducted by tracking particles of a multi-bunch train through the 

designed bunch compressor system. Some of the results are discussed here. 

Simulation Results in Longitudinal Phase Space 

The parameters used in the simulation are shown in Table 6.4. The beam is accelerated without SLED 

cavities in the BCI and BC2 cavity sections. However, the use of SLED cavities in the pre-linac is 

assumed to obtain the higher peak RF voltage. Furthermore, the phase of the pre-linac is fixed at 
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_10 for optimizing the peak voltage in the BC2 cavity and the longitudinal emittance growth at the 
exit of the pre-linac. 

BCI 

Main Cavity 
Peak Voltage 

Frequency 

Phase 

Length 

142.5 

1428 

-95 

9 

MV 

MHz 

degrees 

m 

Compensation Cavity 

Peak Voltage 

Frequency 

Length 

29.06 

2856±1.082 

1.5 

MV 

MHz 

m 
Wiggler Momentum Compaction 0.465 m 

Pre-linac 

Main Cavity 
Peak Voltage (at SLED peak) 

Frequency 

Phase 

Length 

9223.5 

2856 

-1 

330 

MV 

MHz 

degrees 

m 

Compensation Cavity 

Peak Voltage 

Frequency 

Length 

612.63 

2856±1.082 

27 

MV 

MHz 

m 

BC2 

Main Cavity 

Peak Voltage 

Frequency 

Phase 

Length 

3705 

2856 

-95 

150 

MV 

MHz 

degrees 

m 

Compensation Cavity 

Peak Voltage 

Frequency 

Length 

467.5 

2856±1.082 

21 

MV 

MHz 

m 

Arc 

Chicane 

Momentum Compaction 

Momentum Compaction 

-0.187 

0.036 

m 

m 

Table 6.4: Parameters used in simulation 

The result of the simulation is shown in Figure 6.10. Figure 6.10(a) shows the longitudinal phase

space distribution for the 1st bunch in the bunch train. Figure 6.10(b) and (c) show the longitudinal 
phase-space distributions for the 43th and 85th bunches, respectively. Furthermore, Figure 6.10(d) 
shows an overlay of the longitudinal phase space distributions of from all of the 85 bunches in a train. 

The RMS bunch length and its center position are shown in Figure 6.11(a), and the RMS energy 

spread and its center position are shown in Figure 6.11(b). It is found that all bunches have a bunch 

length of less than 90J.,tm and a bunch-to-bunch position shift of about 20J.,tm. The energy spread is 

roughly 1 %, and the bunch-to-bunch energy shift is 0.25 %. 
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Figure 6.10: Results of a simulation of the longitudinal phase space 
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Figure 6.11: Results of a simulation of the longitudinal phase-space distributions of bunches out of 
the bunch compressor system. RMS bunch length and the longitudinal bunch position as function 

of the bunch number (left). RJ\;IS energy spread and the energy centroid as a function of the bunch 

number (right). 
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Flexibility of Initial Longitudinal Phase-Space Errors 

This bunch compressor system is designed with flexibilities for the initial bunch length and energy 

spread errors. The basic design of the bunch compressor system is the initial beam with a bunch 

length of 4.85mm and an energy spread of 0.0862%. 

Due to the characteristics of the design, in BC1, the final energy spread of a bunch is very sensitive to 

the initial bunch length. However, the final bunch length is not so sensitive to the initial bunch length. 

BC2 possesses the same characteristics. When the initial bunch length is different from 4.85 mm RMS, 

the energy spread is changed at the exit of the bunch compressor system, as shown in Figure 6.12. It 

is seen that the initial bunch length is correctly converted to the energy spread at the exit of bunch 

compressor system. 
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Figure 6.12: Final bunch length and energy spread as functions of the initial bunch length error 

On the other hand, when the initial energy spread is different from 0.0862% RMS, the bunch length is 

changed at the exit of the bunch compressor from the design value. However, it can be compensated 

by adjusting the momentum compaction factor in the BC2 arc by changing the dispersion, and by 

changing the peak voltage in the BC2 cavities. This allows us to obtain a bunch length of 80pm and 

an O:L of zero at the exit of the bunch compressor system with linear theory, as shown in Figure 6.13. 

JLC Design Study, April, 1997 



152 
Chapter 6. Bunch Compressor and Pre-linac 

-0.175 

E -0.18 

« ~ 
C\J -0.185() 
fD 
.E 
c: -0.19.2 
'0 as 
0.. 
E -0.1950 
() 

E 
:::J 

-0.21: 
Q) 

E 
0 

:::E -0.205 

- Momentum Compaction in BC2 Arc [m] 

-- - Peak VoHage in BC2 Cavity [MeV] 

]I 

./" 

./ 
/ 

/ 

" 
,/ 

I ,I 

3900 

3850 
:;
Q) 

3800 	 ~ 
~ 
> 

3750 () 
as 

C\J 
() 
OJ3700 
.E 
Q) 
0) 

3650 	 ~ 
(5 
> 
.:::rt.

3600 	 as 
Q) 
a.. 

3550 
0.08 0.085 0.09 0.095 0.1 

Initial Energy Spread [%] 

Figure 6.13: When the initial energy spread of the beam deviates from the nominal 0.0862% RMS, 

the desired final bunch length 80j.Lm is still available by adjusting the momentum compaction factor 

of the BC2 arc, and by adjusting the BC2 cavity voltage. This plot shows the appropriate momentum 

compaction factor and the BC2 cavity voltage to use, as functions of the initial energy spread. 
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Effects of Momentum Compaction, Phase and Accelerating Voltage Errors 

When the accelerating system has errors in the phase or peak voltage errors, or the bending system has 

momentum compaction errors, the bunch length and energy spread at the exit of bunch compressor 

system are affected. Figure 6.14 shows the effect of the momentum compaction error on the final 

bunch length and energy spread. 
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Figure 6.14: Effects of the momentum compaction errors on the bunch length and energy spread at 
the bunch compressor exit. 

Figure 6.15 shows the effect of the peak RF voltage errors for various RF systems in bunch compressor 

system. It shows that the peak voltage error in the pre-linac main cavity has strong effects on the 

bunch length at the exit of the bunch compressor. 

Figure 6.16 shows the effects of the phase errors for various RF systems in the bunch compressor 

system. It shows that the phase error in the BC1 main cavity has strong effects on the bunch length 

at the exit of the bunch compressor. 

6.1.7 Emittance Growth and the Other Problems 

Emittance Growth in the Bending System 

There are two potential sources for the transverse emittance growth in the arc and wiggler sections 

of the bunch compressor system. One of them is a chromatic effect, which affects both the horizontal 

and vertical planes in the arc section. However, this effect is not significant here, since the energy 

spread at the BC2 arc is very small. Another effect is a dispersive effect from synchrotron radiation. 

This effect generates horizontal emittance growth in all of the BC1 and BC2 bending system. The 
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Figure 6.15: Effects of RF voltage errors on the bunch length and energy spread of beams at the 

bunch compressor exit. RF voltage errors that can occur in various stages in the bunch compressor 

system are considered, i.e. BC1 main cavity, BC1 correction cavity, pre-linac main cavity, pre-linac 

correction cavity, BC2 main cavity and BC2 correction cavity. 
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Figure 6.16: Effects of RF phase errors on the bunch length and energy spread of beams at the 

bunch compressor exit. RF phase errors that can occur in various stages in the bunch compressor 

system are considered, i.e. BC1 main cavity, BC1 correction cavity, pre-lillac main cavity, pre-linac 

correction cavity, BC2 main cavity and BC2 correction cavity. 
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emittance growth was simulated with SAD. 

The results are shown in Table 6.5. From Table 6.5, it is found that the emittance growth of the entire 

bunch compressor system is 8 % horizontally and less than 1 - 2 % vertically in the bending system, 

respectively. 

Vertical Emittance Growth Horizontal Emittance Growth 

BC1 Wiggler 

BC2 Arc 

BC2 Chicane 

1.32% 

5.42% 

1.24% 

Total ~ 1-2% 7.89% 

Table 6.5: Emittance growtb in tbe BC1 and BC2 bending system 

Effect of Alignment Errors 

The tolerances on the vibration errors in the BC1 wiggler and the BC2 chicane section are not tight. 

In this section, only the transverse vibration errors in the BC2 arc section for the quadrupole magnets 

are discussed. 

The tolerance values are calculated as an error for each individual magnet which, by itself, can create 

an emittance growth of 5 %. The results of alignment tolerances in the BC1 and BC2 bending systems 

are listed for each element in Table 6.6. 

Element No. of Elements Roll 

BC2 Arc QF 

QD 

73 

72 

0.152mrad 

0.375mrad 

2.11j.tm 

13.96j.tm 

0.915j.tm 

7.06j.tm 

0.351% 

0.806% 

Table 6.6: Single element alignment tolerances (Defined by 5% emittance growtb) 

Coherent Radiation [2] 

The transverse effects of space-charge fields can be categorized into a centrifugal space-charge force and 

a coherent radiation force. It has been known some time that the coherent-radiation force is significant, 

while the centrifugal space-charge force is not so important in the bunch compressor system. The 

longitudinal electric field of the coherent synchrotron radiation induces an energy variation along the 

bunch. It especially acts on the leading particles in the bunch. This is to be contrasted with the 

familiar longitudinal wake-field. 

In the wiggler or chicane sections of the BC1 and BC2, this field breaks down the achromaticity, thereby 
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causing a horizontal emittance growth. However, the emission of radiation with long wavelength is 

suppressed by the boundary conditions imposed by the vacuum chamber. The shielding condition is 
written as follows: 

(6.8) 


h: full height of vacuum chamber, 

w: fill width of vacuum chamber, 

R: bending radius of the beam trajectory. 

Full height Full width Bending radius 

Table 6.7: Shielding wavelength from the coherent-radiation force 

The horizontal aperture of the vacuum chambers is designed to be 10 or more times larger than the 

RMS horizontal beam size, and the vertical aperture is designed as 20 mm and 16 mm in the BC1 

wiggler and BC2 chicane, respectively. The chamber aperture, bending radius and upper limits of the 

shielding bunch length are listed in Table 6.7. The design bunch length within BC1 is between 4 mm 

and 400 j1m. The design bunch length within BC2 is between 400 j1m and 80 j1m. It can be seen from 

Table 6.7 that the vacuum chambers designs satisfy the shielding condition against coherent radiation. 

JLC Design Study, April, 1997 

Bunch length 

BC1 Wiggler 20mm 35mm 9.34m 

BC2 Wiggler 16mm 80mm . 334m 
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Figure 6.24: The phase advance per cell ('l1) versus the emittance growth due to the quadrupole 

magnets and the accelerating structure misalignment with respect to the beam. The quadrupole 

magnets and the accelerating structures are assumed to have rms 30 J-Lm misalignment. 

For example, one module of ~F ECS for pre-linac is shown in Figure 6.25. The quadrupole magnets 

must be located at the point where the bunch-to-bunch energy deviation is minimum. However, in this 

case still a sizeable single-bunch energy spread will remain at the quadrupole magnets, particularly 

when the regular accelerator stations are operated around the rf crest. This can lead to chromatic 

emittance growth of individual bunches. For this reason, the alignment tolerance of the structures 

and the quadrupole magnets will be tighter in the case of the ~F compensation method than in the 

case of the ~T compensation method. 

All of the quadrupole magnets should be associated with high-resolution BPMs for beam handling, 

and each quadrupole magnet will be mounted on an active stage equipped with a remotely-controllable 

mover mechanism. The relations between the electrical centers of the BPMs and the magnetic cen

ters of the quadrupole magnets will be determined by using the beam and internal BPMs, and the 

quadrupole magnets can be aligned by adjusting the stages. To align the accelerating structures with 

respect to the beam, all of the accelerating structures will have rf BPNls at their head and tail ends. 

An accelerating structure will also be mounted on a girder which can be remotely aligned. 
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magnet and the influence of dipole wake-fields in the accelerating structure[IJ. 

In the case of !J.T ECS, the length of the FOnO cell is 6.8 m in order to accommodate the 3-m long 

S-band accelerating structure and the steering magnet for orbit corrections. The quadrupole magnets 

are 20 cm in length and have an aperture of a 16 mm radius. Their pole-tip field strength is smaller 
than 1.5 kG. 

The lattice, {3 functions, and beam size are shown in Figure 6.23. In this case the horizontal and 

vertical phase advances are both 55 degrees per cell. This value was determined from evaluations of 

the emittance dilution due to a misalignment of the quadrupole magnets and accelerating structures. 
Figure 6.24 shows the emittance growth due to a misalignment of the quadrupole magnets and the 

accelerating structure with respect to the beam vs. the phase advance per cell, \If. In this case, 

each random misalignment of the quadrupole magnets and the accelerating structure is rms 30 j.,tm. 

Finally, the horizontal and vertical phase advances are separated by roughly a few percent to avoid 
x-y resonances. 
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Figure 6.23: Beta functions and beam size for the pre-linac which assumes that multi-bunch energy 

compensation would be made with the !J.T method. 

In the case of !J.F ECS, it is very important to suppress the emittance growth due to any chromaticity 

of the lattice. Especially, in the low-energy part, each section of AF should be made short, since the 

relative beam energy grows rapidly. This means that many small AF sections will be needed there. 
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180 degrees. If the phase change of the klystron is controlled in an rf pulse to obtain the optimum rf 

waveform for producing the same energy gain for individual bunches in the bunch train, the SLED 

cavities would be a compact rf pulse compression system for multi-bunch acceleration. 

In the present design study, the possibilities of the ~T EeS and ~F EeS have been investigated for 

a low-energy linac which accelerates a train of 85 bunches with a 1.4 ns bunch separation. 

6.3.2 Optics of the Pre-linac 

Lattice design 

The pre-linac should accelerate multi-bunch beams from 2 GeV to 10 GeV without causing a large 

energy spread, nor emittance growth, in either a single-bunch or in a multi-bunch sense. The emittance 

growth is mainly caused by the energy difference within the beam and the wake-field in the structure. 

When beam particles with different energies go through the magnetic field, particles get kicks with 

different angles. Therefore, the trajectories of particles with deferent energies are different, and the 

emittance would grow. 

Another effect is that when the beam particles go through the accelerating structure, they are kicked 

by dipole wake-fields. The strength of this dipole wake-field is proportional to the transverse offset 

of the leading bunch. Due to this kick in the structure, the trajectories of the particles would start 

deviating, depending of their longitudinal positions, and the emittance growth will result. These 

sources of the emittance growth in combination determine the alignment tolerance of the quadrupole 

magnets and accelerating structures. 

The optical design of the pre-linac consists of simple FODO cells. The cell length would differ, 

depending on the choice of the beam-loading compensation method. When multi-bunch beam-loading 
is compensated using the ~T EeS method (Amplitude Modulation and Injection timing ), the multi

bunch energy difference is corrected locally in each accelerating structure, so that any emittance growth 

due to dispersive and chromatic effects is minimized. On the other hand, the ~F EeS method can 

also suppress any emittance growth due to a chromatic or dispersive effect, by placing the quadrupole 

magnets at the locations where the multi-hunch energy-spread is minimum. 

Assuming that the !3 functions in the pre-linac varies as 

(6.19) 


where !3o = 6 m at Eo=2 GeV, the total phase ¢ through the pre-linac as 

2VEo r;; rr;
(6.20)¢ = !3o(dE/ds) (v E - V Eo). 

Form 6.19 is adopted, based on studies by Yokoya on the alignment tolerance of the quadrupole 
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6.3 8 GeV Pre-linac 

6.3.1 Introduction 

The pre-linac section is arranged between two bunch compressor systems for the intermediate linac. 

The mission of the pre-linac is to reduce an energy spread, and to adjust the longitudinal Twiss 

parameters at the entrance of BC2. The total accelerating voltage of the pre-linac is required to be 

roughly 8 GeV. With an accelerating gradient of'" 30MVjm, the total length of the pre-linac would 
be approximately 400 m. 

The design of the pre-linac sections described here is based on the accelerator scheme extended from the 

ATF linac using the proven S-band rf technology. The rf unit consists of the conventional components, 

such as the conventional S-band traveling-wave constant-gradient accelerating structures (3 m long), 

an 80 MW klystron and SLED cavities for rf pulse compression. The machine parameters should 

be optimized by both the rf configuration and computer simulations, such as the beam optics, beam 

instabilities and energy compensation of the multi-bunch. 

The rf pulse compression system is the key technology for reducing the total number of klystrons 

and klystron modulators for the low-energy linac. It also helps to reduce the total cost of the linac. 

The linac design should take into account of the tight relation of the rf compression system and the 
multi-bunch energy-compensation system, as follows: 

First, if a staggered timing energy compensation is chosen, the rectangular rf pulse is required from the 

rf compression system. DLDS (Delay Line Distribution System), BPC (Binary Pulse Compression 

system) and SLED-II are suitable to produce a rectangular rf pulse. Those three rf compression 

systems have delay lines with a relatively long length, which is determined by the filling time of the 

accelerating structure and the beam pulse width. An application to the S-band linac is difficult, since 

the filling time would be 400-900 ns and the delays would have to be very long. 

The second method of energy compensation is the !:::..F ECS which has been applied to the 1.54 GeV 

ATF linac. The linac is completely separated into a normal acceleration section and a compensation 

section. In the normal acceleration section, the accelerating structures are driven at the full rf power 

from SLED cavities. Then, the multi-bunch energy spread is corrected in the ECS section of a 

relatively short length. This system has an advantage of higher flexibility for the bunch intensity 

than the !:::..T ECS system, which is described below. On the other hand, the design of the optics is 

relatively complicated for the lower energy section compared to that of the !:::..T ECS system. 

Third, the beam-loading of the multi-bunch can be compensated in an accelerating structure, if the 

phase and amplitude from the rf compression system can be controlled to obtain the same energy gain 
in the multi-bunch. This system is called !:::..T or !:::..¢ ECS. The conventional SLED cavity produces 

an rf pulse waveform with a fast decay if the phase of the input rf pulse is simultaneously changed to 
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space: 

(a) Relative growth of the horizontal emittance 

(b) Relative growth of the vertical emittance 

are shown in Figure 6.22 for the case of a 0.5% energy spread. The horizontal axis shows the rotation 

angle in the horizontal plane, and vertical axis shows relative dispersive emittance growth through all 

of spin manipulation-system. The rotation angles in Figure 6.22 are defined with reference to beam 

trajectory. At rotation angles from -180 degrees to -90 degrees and from 0 degree to 90 degrees, 

the rotation angles for first and second manipulators have like-sign polarities, and the other rotation 

angles have opposite polarities. The simulation results indicate that the dispersive vertical emittance 

growth is reduced to 15% for a beam with a 0.5% energy spread. 
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electron. This emittance growth has been simulated using the SAD code [4], the results of which are 

shown in Figure 6.20. Figure 6.20(a) shows a dispersive emittance growth ratio on the energy spread. 

Figure 6.20(b) shows this dispersive emittance growth ratio as a function of the energy offset. 
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Figure 6.20: Relative dispersive emittance growth: 
(a) as function of the energy spread. 

(b) as function of the energy offset. 

Suppression of the Dispersive Emittance Growth 

In the design of the JLC spin-manipulation system, solenoid manipulators are arranged as outlined 

in the previous section. Furthermore, a matching section with six quadrupole magnets is inserted 

between the solenoid manipulators and the arc section. The six degrees of freedom are available for 

matching the Twiss parameters and tunes between the two solenoid manipulators. With this design 

the emittance growth for various tunes in the horizontal and vertical planes has been evaluated. The 

results are shown in Figure 6.21. In these calculations, a +7r/2 spin rotation angle was assumed. It 

can be read from Figure 6.21 that the best reduction of vertical emittance growth is obtained when a 

horizontal tune of 2.6 and a vertical tune of 2.3 are chosen in the matching section. At these tunes, 

the dispersive emittance growth generated within the two solenoid manipulators shown in Figure 6.20 

cancel each other. 

To achieve all spin directions in the horizontal plane out of the spin-manipulator system into a linear 

accelerator, both like-sign and opposite-sign spin rotation angles are used for the first and second 

solenoid manipulators; the simulation has found that the best vertical emittance condition is obtained 

by choosing a horizontal tune of 2.9 and a vertical tune of 2.5. This happens to be the worst operation 

point if 1ike-sign rotation angles are used in the two solenoid manipulators. 

The emittance growth throughout this spin-manipulation system was simulated with SAD; the results 
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e 2 se/k se S2/k 
-kse _kS2 se

Mman. (1/;,) = ( (6.15)e2 e 2-se -S2/k 
e2 )

kS2 -se -kse e2 

where C and S are cos('l/Js/2) and sin('l/Js/2), respectively, and 

k (6.16) 


Equation 6.15 indicates that when an electron beam passes through a solenoid magnet a large x-y 

coupling is introduced. The projected vertical emittance at the exit of solenoid coil is given by 

(6.17) 

where fxo, fyO' ax, /3x, lx, a y, /3y and Iy are the emittances and Twiss parameters at the entrance 

of the solenoid coil, respectively. The x-y coupling in a solenoid field quickly deteriorates the small 

vertical emittance. Since the expected emittance ratio of the JLC damping ring is roughly 100, 

with a 1T/2 spin rotation, the vertical emittance is multiplied 50 times in this system. Although this 

emittance growth cannot be recovered later, a low vertical beam emittance is critical for achieving 

high luminosity at a linear collider. 

To reduce the emittance growth due to the x-y solenoid coupling, a spin manipulation system com

prising 1.5 m-Iong paired solenoid magnets with a strength of 3.46T has been adopted here. The 

solenoid magnets are separated by a +1 transform in horizontal and a - I transform in the vertical 

plane. The transfer matrix between the two solenoid magnets is formed with four FOnO cells which 

have a betatron phase advance per cell of 90 degrees in the horizontal and 45 degrees in the vertical 
plane. The total transfer matrix through one solenoid manipulation system is given by 

1 0 0 

0 1 0 
Mmani M,012(1/;./2) ( ~ ) M.ol1(1/;,/2)0 0 -1 

0 0 0 -1 
(6.18)e S/k 0 0 

-kS e 0 0 

0 0 -e -S/k( )
0 0 kS -e 

Equation 6.18 shows that the x-y coupling at the exit of the solenoid manipulator system is canceled 

exactly in the case that the transfer matrix in between a pair of solenoid magnets is +1 transform 

in horizontal and a-I transform in vertical plane, exactly. However, in practice, there will remain 

a vertical emittance growth caused by the x-y coupling of off-momentum particles, since the transfer 

matrix in between a pair of solenoid magnets is slightly different from ideal one for the off-momentum 
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Optics Design of Downstream Spin-Manipulation System 

The optics design of the downstream spin-manipulation system is shown in Figu.re ~.19. The down

stream spin-manipulation system comprises two solenoid sections with an arc sectIOn III between. The 

arc section comprises six horizontal bend dipole magnets and four FODO cells. We assume that the 

arc section has an orbit angle of 20 degrees so that the 1.98 GeV electron beam is subjected to a 

90 degree spin rotation therein. If the first and second solenoid manipulators are set up so that the 

electron spin is rotated by (}l and (}2 around the longitudinal axis there, the total spin rotation will 

given by a matrix, as follows: 

Rmani Rsol2 (z; (}2) Rare (y; 90°) Rsoll (z; (}l) 

(
cos (}2 - sin(}2 0 

~ )(
cos (}l - sin(}l 0 

sin (}2 cos (}2 1 sin (}l cos (}l 0 

( 
0 0 0 0 0 1 (6.13) 

sin (}1 sin (}2 cos (}l sin (}2 cos (}2 

sin (}1 cos (}2 cos (}l cos (}2 sin (}2 

~) C~ ) 
).

- cos (}1 sin (}1 0 

If the spin is completely vertically aligned at the exit of the damping ring, the spin vector after going 

through the spin-manipulation system is given by 

cos ()1 sin (}2 ) 
Rmani cos (}l cos (}2 (6.14)( O~)=( 

sin (}l 

Therefore, by choosing an appropriate rotation angle in the two solenoid manipulators in the range 

from -7r/2 to +7r/2, an arbitrary spin vector at the rotation angle exit can be obtained. For practical 

purposes, the experiments at the collision point would be only interested in spin polarization with the 

same or the opposite direction of its trajectory direction. The spin direction is varied in the horizontal 

plane when an electron beam is transported in the beam-line with some of dipole magnetic fields from 

the spin-manipulation system to the interaction point. To adjust to the required electron spin for any 

magnetic fields, it is necessary to adjust the spin direction to an arbitrary horizontal direction. In this 
case, the rotation angle of the second solenoid manipulator may be fixed at +7r/2 or -7r/2. 

Coupling Compensation in the Paired Solenoid manipUlator 

The 4-dimensional transfer matrix due to a solenoid coil is given by 
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Figure 6.19: (3 function and dispersion function in the downstream spin manipulator. Locations of 

four spin rotator solenoid magnets are indicated by arrows. 
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Optics Design of the Upstream Spin-Manipulation System 

The optics design of the upstream spin-manipulation system is illustrated in Figure 6.18. The upstream 

spin-manipulation system consists of a bending section and a solenoid coil with a spin-rotation angle 

of 90 degrees. The bending section consists of six horizontal bend dipole magnets and four FODO 

cells. To produce a spin-rotation angle of 90 degrees in the solenoid coil, the strength of the solenoid 

field has to be 3.46 T, if the coil length is 3 m. In this manipulator, the spin transfer matrix is given 

by: 

Rmani Rsol2 (Zi Os = 90°) Rare (Yi 0b = 90°) 

cos Os - sin Os 

~ )( cos 0b 0 sin 0b 

= sin Os cos Os 0 1 0( )
0 0 - sin Ob 0 cos Ob 

(6.11)(0 

~ )( 0 

0 1= 1 0 

-1 0 

~ )0 0 -1 0 

( 0 -1 0 )= 0 0 1 


-1 0 0 


If the spin is completely azimuthally aligned at the entrance of the upstream spin manipulator, the 

spin vector after going through the spin manipulation system is given by 

(6.12) 

6.2.4 Downstream Spin-Manipulation System 

A downstream spin-manipulation system, which is based on a pair of solenoid manipulators and a 

bending manipulator in between, has been proposed by P. Emma et al. of SLAC [3]. Its schematic 

layout is shown in Figure 6.17. 

Spin-manipulation systems at both the entrance and the exit of the damping ring are required for 

the purpose of avoiding spin destruction in the damping ring and tuning the helicity of the beam in 

experimental facility. However, the requirement for reducing the vertical emittance growth in spin

manipulator system located downstream of damping ring is tight, and that at the upstream of damping 

ring is not. We thus discuss here the reduction in the vertical emittance growth in the downstream 

spin manipulator system, mainly. 
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Figure 6.18: !3 function and dispersion function in the upstream spin manipulator. 
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6.2.2 Variation of the Spin Direction 

The spin-manipulation systems located at the entrance and exit of the damping ring are based on 

spin rotators with solenoid coils and dipole bend magnets. The rotations of the electron spin with 

each manipulator are described in the following sections. 

Variation of the Electron Spin in the Solenoid Magnetic Field 

When an electron passes through a longitudinal solenoid magnetic field, its spin is rotated around 

the magnetic field axis. The rotation angle is approximately twice the rotation angle of the electron 

trajectory. The longitudinal rotation angle in the electron rest flame is given by 

'ljJsz = [1 - (~)] BzLsol ~ BzLsol = 2'IjJbz, (6.9)
2 Bop Bop 

where 'ljJsz, 'ljJbz, Bop, B z , Lsol are the spin rotation angle, trajectory rotation angle, magnetic rigidity, 

field strength of the solenoid magnet at its center and its coil length, respectively. At JLC the spin

manipulation system is to be located immediately downstream of the damping ring, which operates at 

a beam energy of 1.98 GeV. Consequently, to produce a spin rotation angle of 90 degrees, the strength 

of the solenoid field has to be 3.46 T, if the coil length is 3 m. 

Variation of the Electron Spin in a Dipole Magnetic Field 

When an electron goes through a dipole magnetic field, its spin is rotated around the axis of the 

magnetic field. The rotation angle of the electron spin component that is perpendicular to the dipole 

field is given by 

~ Eb ByLbend '" Eb [GeV]'IjJ (6.10)2 m ec2 Bop '" 0.440652 by, 

where 'ljJSy, 'ljJbYl Bop, By, Lbend are the spin-rotation angle in the electron rest flame, the trajectory 
bend angle, the magnetic rigidity, the field strength of the dipole magnet and the effective length of 

the dipole magnet, respectively. Eb in Equation 6.10 denotes the electron energy. For a 1.98 GeV 

electron, the spin-rotation angle is about 4.5 times the bend angle of the trajectory. Hence, to produce 
a 90-degree spin rotation, a 20-degree orbit bending is required. 

6.2.3 Upstream Spin-Manipulation System 

An upstream spin-manipulation system is located upstream of the injection point of the damping ring. 

Its purpose is to rotate the spin of the longitudinally polarized electrons from the gun so that the spin 

is oriented in the vertical direction. 
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6.2. Spin-Manipulation System 

6.2 Spin-Manipulation System 


6.2.1 Introduction 

The availability of polarized electron beams is an important requirement at next-generation linear 
colliders, including JLC. There, longitudinally polarized electrons are to be produced by a gun with 

a special photocathode, such as those made of GaAs, accelerated, then delivered to the collision 

point with an experimental facility whose primary scientific interests are on the collisions of electrons 

with helicity eigenstates. However, beam storage in the damping ring will quickly destroy the overall 

longitudinal polarization of an electron bunch. Consequently, a spin-manipulation system has to be 

introduced whereby the electron spin can be aligned with the bend dipole fields of the damping ring 

prior to injection. Then, after extraction from the damping ring, the electron spin needs to be rotated 

back so that it produces the desired longitudinal polarization at the interaction point in an arbitrary 

way. 
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Figure 6.17: Layout of tbe spin manipulation system 
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Figure 6.25: Schematic illustration of how the layout of FODO cells would be, if the ~F beam

loading compensation is adopted for bunch-t~bunch energy deviation, instead of the ~T method. 

Sinlulation of Emittance Preservation 

This section presents the results of a simulation of the emittance dilution due to a misalignment of 

the quadrupole magnet and accelerating structure with an orbit correction using the BPMs. Here, 

tolerance numbers are quoted for only the vertical direction. Since the design value of the vertical 

emittance of the incoming beam is two orders of magnitude smaller than that of the horizontal ones, 

the alignment tolerance of the components for the vertical direction will be much tighter. Here, 

the coupling between the horizontal and vertical directions is not considered. The parameters that 

characterize the condition of the simulation studies are listed in the following table. 

Table 6.8: Parameters of the simulation for the pre-linac. 

Particles/bunch 

Number of bunches per pulse 

Bunch spacing 

Incoming emittancej,),€y 

Initial energy spread 

Accelerating gradient 

Energy-compensation method 

7.2xl09 

85 

1.4 ns 

3.0xlO-8 

1.25 % 
27 MV/m 

t:..T method 

The wake-functions of the accelerating structure used here are a short-range and long-range longitu

dinal, short-range dipole and a long-range dipole. The optics design of the pre-linac assumes that the 
~T beam-loading compensation method is adopted. 

Alignment of the quadrupole magnet In Figure 6.26, the horizontal axis represents the r.m.s. 

value of the misalignment of the quadrupole magnet. The misalignment is assumed to have a Gaussian 

distribution truncated at 3-£1. The vertical axis gives the emittance growth ratio. A 1.25 % initial 

energy spread, a 10 micron misalignment of the BPMs with respect to the quadrupole magnet, and 

a 10 micron misalignment of accelerating structures with respect to the beam are assumed. We 

JLC Design Study, April, 1997 



172 Chapter 6. Bunch Compressor and Pre-linac 

applied the simplest orbit correction, which simply sets the beam at the center of the BPMs. The 

BPM resolution is assumed to be 2 JLm. From this result of the tracking simulation, the acceptable 

random motion of the quadrupole magnets is roughly estimated to be about 70 JLm. This tolerance 
was estimated for a 20 % increase in the emittance. 

1 
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Figure 6.26: Vertical emittance growth, t:,.Ey / t:,.Eyo, as a function of the r.m.s. quadrupole misalign

ment. The optics design that is compatible with the t:,.T energy-compensation method is considered 

(see Figure 6.23). 

Alignment of the Accelerating Structure 

Figure 6.27 shows the vertical emittance growth in the pre-linac as a function of the misalignment of 

the accelerating structures. The initial energy spread is 1.2 %, and a 10 JLm misalignment of BPMs 

with respect to the quadrupole magnets, a 30 JLm misalignment of the quadrupole with respect to 

the design orbit are assumed. The accelerating structures align with respect to the beam using the rf 

BPMs at structure head, and any cell-to-cell misalignment within each accelerating structure is not 

considered here. In this simulation, we assumed that the alignment of the structure with respect to 

the beam is determined by the resolution of the rf BPMs at the structure head. A simulation of the 

emittance growth (t:,.Ey / t:,.Eyo=20 %) due to a transverse dipole wake-field of the structures shows 

that a structure misalignment of less than 80 micron r .m.s. would not cause a serious problem once 

a simple orbit correction is performed. 
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Figure 6.27: Vertical emittance growth, D.fy / D.fyO, as a function of the r.m.s. accelerating structure 
misalignment. The optics design that is compatible with the D.T energy-compensation method is 

considered (see Figure 6.23). 

6.3.3 Accelerating Structure 

The design of the S-band accelerating structure is closely related to the beam-emittance preservation 

and the required RF power, and, consequently, the wall-plug power. In terms of suppressing emittance 

dilutions due toa misalignment of the accelerating structures, the most harmful wake-field in the S

band accelerating structure to attack is the dipole wake-fields in the first passband. In addition 

to the accelerating gradient being high, the efficiency of the energy from rf to the beam within the 

accelerating structure should also be high. For this purpose, the shunt impedance of the structure 

should be as high as possible, and the a/A should be as small as possible, while maintaining the 

realistically achievable alignment tolerance against single-bunch transverse emittance preservation. 

A variety of structure schemes have recently been developed in order to reduce (Le., detune or damp) 

the effect of dipole wake-fields [5], One is the detuned structure (DS), in which the dipole modes will 
be canceled by spreading the frequencies of the relevant modes in the structure, Another possibility 

is the damped-detuned structure (DDS), which have been studied at SLAC [6]. The DDS scheme 

has an advantage in that it can measure the beam position in the structure through the damping 

port. Heavily damped or medium damped structures based on the choke mode scheme has also 

been developed recently [7]. In the choke-mode cavity structure, all of the higher-order modes are 

heavily damped. Therefore, the multi-bunch wake-field and associated instabilities are by and large 

absent. However, a short-range wake-field is not reduced by using the radial line damper and the 
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choke structure. 

On the other hand, the conventional S-band structure, such as those used at the SLAC 2-mile acceler

ator, is good for mass production. 1 If the beam emittance is not diluted by the transverse wake-fields, 

there is a possibility that we would only modify this simple disk-loaded structure and apply it to 

the S-band pre-linac for JLC. Some studies have been made concerning the possibility in which a 

conventional (traditional) S-band structure of short filling time is considered in conjunction with the 
6.T compensation method. 

Parameters of the Accelerating Structure 

As an example, the parameters of the ATF S-band linac structure are given in Table 6.9. Figure 6.28 

shows the size of the half-iris aperture and the cell radius for two types of structures with different 
filling times. 

UI)er'atiLn~frequency 

Phase shift/cell 

Electric-field distribution 

Structure length 

Number of cell 

Quality factor 

Shunt impedance 

Attenuation parameter 

Group velocity 

Filling time 

2856 l\1Hz 

21f'/3 

Constant gradient 

3m 

84 cells + 2 couplers 

13,000 

601vHl/m 

0.57 
0.0204 f"V 0.0065 c 

0.83 Jl.S 

Table 6.9: Main parameters of the accelerating structures. 

Wake-Field of the Transverse Mode 

The kick factors of all modes in the passband from the lowest to the 8'th were calculated USing the 

"open mode expansion" for an S-band simple disk-loaded structure. This result is shown in Fig 6.29. 
The wake-field can be calculated from this result as the sum of all modes as [8J 

W,.(t) L 2k:psin(wm t), (6.21) 
m 

where k:p is the kick factor of mode m. The transverse wake-field of the conventional S-band structure 

is plotted in Figure 6.30. In this case, we assumed that the Q-values for all of the modes are infinite. 

If we suppose the Q-values of all the modes, without manifold damping, the Q-values are pretty much 

IThis is likely to be the case with the detuned structure, DS, also. 

JLC Design Study. ApriL 1997 



175 6.3. 8 Ge V Pre-linac 

0.1;
~20 

j

I---<r- Nomallype (11=830ns) [mm] 
-I!r- Large aperture type (tf=390ns) [mm] I 0.08 

15 I ... 	 ;E .s 
,."..... 	 I i ~ 

(/) i 
~::::J :. ,:.a ~ 
!ctS 

••. d ••••••• _ • 	 ...·l.~a: 10 i~ 
Q.) 

~(5 ! ,I 
E ~ 	: 
ctS ............... 
 - " .... ,~.........Q.) 5 -~CO r-a ~ 

-o-Vg ~tf 390ns~ 
- - 8 - - Vg tf=830ns T: o 

o 	 20 40 60 80 

Cell Number 

0.06 

0.04 

0.02 

o 

Figure 6.28: The half iris aperture and the group velocity as function of the cell number. 

the same for all of the modes (about 13000 in S-band structure). We can thus estimate the reduction 

at the end of a train by multiplying each mode by exp(-wm s/2Qc). 

Transverse Emittance Growth 

As will be presented in Chapter 8 [9], the transverse emittance dilution due to a random misalignment 

Arms of the structures with respect to the beam is estimated to be 

2
(l\f) _ e A;ms S;ms!3o La(Ej Eo) e2A;msS;ms!3oNaL~(Ej - Eo) 

(6.22)
- 2aEjE09 	 2aEj Eo(Ej Eo) 

where N a , La) 9 and e are the total number of structures, the structure length, the accelerating 

gradient and the magnitude of the electron charge. Here, we assume that the beta-function is smooth 

(continuous focusing), and depends on beam energy as 

(6.23) 

where Eo and !30 are the beam energy and beta-function at the beginning of the linac. 
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Figure 6.29: Calculated kick factors of the modes in the 84-cell simple disk-loaded S-band structure. 

The calculations were performed by an open mode expansion method. 

The value of Arms is determined by the accuracy of the structure fabrication and the beam-position 

monitor. 

6.3.4 Beam-loading Compensation 

Energy Gain and Transient Beam-loading 

In a constant-gradient structure the accelerating gradient along the structure is constant at the cost 

of reducing the group velocity. The energy gain of the multi-bunch in the accelerating structures was 

evaluated. The multi-bunch should be injected into the structure before the rf power is completely 

supplied in the structure in order to avoid an energy spread due to the dispersive effect of the acceler

ating structure. For this case, the unloaded energy gain of the bunches gradually increases from the 

first bunch to the last bunch. 

The beam energy of the bunches gradually decreases from the first bunch to the last bunch due to 
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Figure 6.30: Wake-field for the simple disk-loaded S-band structure. 

beam-loading in the accelerating structure. The energy loss (Ebd at time t after beam injection is 

27-2r 2rE () = ToioL [ (t - Tf) _ 1 e- {t-T/)/T/] 
bl t 2 (1 _ e-2r) Tf 1 _ e-2r ' (6.24) 

where io, TO, 7, Tf are the instantaneous current of the beam and the shunt impedance, the attenuation 

parameter and the filling time of the accelerating structures, respectively. Since this equation is 

applicable to transient beam-loading, 

Tb ~ Tf' (6.25) 

where Tb is the pulse length of the beam and t f is the filling time of the structure. 

In the JLC linac the pulse length of the beam was evaluated to be about 120 ns, since the total number 

of bunches and the bunch separation are 85 and 1.4 ns, respectively. The pulse length of the beam is 

much shorter than the filling time (830 ns). The instantaneous beam current is expressed as 

. eNb 
1,0 = -, (6.26)

tb 

where e, Nb and tb are 1.6 x 10-19C, the total number of electrons per bunch and the bunch separation, 

respectively. The instantaneous beam current of the JLC linac was evaluated to be 0.823 A at 
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Nb=7.2x 109 electrons per bunch. The energy loss of the last bunch in a 3 m-long structure was 
evaluated to be 10.6 MeV. 

The energy distribution of the bunches accelerated in a 3 m-long accelerating structure is shown in 

Figure 6.31. An energy-compensation system should be required for the JLC linac. 

110 
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Q) 

6105 

90 o 100 

Without Beam Loading 
(Ne = 0.0 electrons/bunch) 

With Beam Loading 
(Ne =7 .2E+9 electrons/bunch) 
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Bunch Number 

Figure 6.31: Energy gain of multi-bunches accelerated in a 3 m-long accelerating structure with 

beam-loading. 

AT Energy-Compensation System 

First-order compensation of the beam-loading can be done by injecting the beam before the rf pulse 

has filled the accelerating structure. The way that the AT compensation principle works is shown 

in Figure 6.32, in which the voltage V(t) produced by a square rf pulse is plotted as a function of 

time for a traveling-wave structure. The beam-loading voltage Vb(t) is also plotted as a function· time. 

The resultant sum of V (t) and Vb (t) is shown as the dashed line. The optimum injection time is 

determined by the V(t) and Vb(t) slope. 

If we use such a simple early-injection method, the beam current at which the energy-compensation 

can be comfortably performed is limited, and the power efficiency will be poor. We apply thus the 

amplitude modulation on the input rf pulse for pulse compression. Therefore, in the case of using the 

SLED system, we can obtain the desirable slope of the unloaded voltage V(t) by changing the input 

rf wave form for the SLED cavity. 

However, it is not a good idea to directly modulate the amplitude of the driving rf power to the 
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klystron. To stably operate the klystrons, they usually need to be used in the saturation mode. Thus, 
modulating the klystron drive RF phase would be a better method. To modulate the amplitude of 
rf pulse for the SLED cavity at a constant phase, two klystrons are needed. They run in saturation, 

keeping the input rf level constant. Then, we control their phases and combine the rf power from two 

klystrons by using a 3-dB hybrid combiner. Figure 6.33 shows a scheme in which the rf phases of 

two klystrons are rotated into opposite directions relative to each other. The sum of two vectors is 

delivered to the SLED cavity. The phase modulation of the two klystrons effectively realizes amplitude 
modulation using this method. 

I fi •••• rV(t) + Vbf (t) 
I I 
I I 
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Figure 6.32: Principle of the 6T beam-loading compensation. 
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Figure 6.33: Principle ofphase modulation to amplitude modulation. 
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dF Energy-Compensation System 

The dF compensation method compensates for the multi-bunch energy spread by keeping a bunch 

separation synchronized with the rf frequency. In this compensation method, compensating structures 

are installed between the regular accelerating structures. When a bunch train goes through the com

pensating structures driven at an rf frequency which is slightly higher and lower than the fundamental 

accelerating frequency, successive bunches of the train ride on a different phase of the accelerating field 
(Figure 6.34). Due to this phase difference, the energy gain of the successive bunches is different. As a 

result, the multi-bunch energy spread is compressed to a small value. The compensating voltage Vb(t} 
of the beam in dF compensation sections operating at a frequency Fo ± dF is plotted in Figure 6.35. 

1=10 

1=10+il 1 

1=10- il 1 

1 2 3 4 5 6 7 8 9 10 
Bunch Number 

Figure 6.34: Principle of the dF beam-loading compensation method. By adding two sets of 
accelerating structures with slightly different frequencies from the majority of the structures in the 

linac, the multi-bunch energy spread due to beam-loading can be compensated, without increasing 

the single-bunch energy spread. 

Two frequencies, Fo + dF and Fo - dF, are required to maintain the desired single-bunch energy 

spread, while performing the multi-bunch energy compensation at the same time. When the bunch 

population changes, the amount of compensation can be controlled by changing the amount of input 
rf power to the compensating structure. Thus, this compensation method has a nice flexibility. 
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Figure 6.35: Compensating voltage Vb(t) of a beam in the br.F compensation sections operating at 

a frequency of Fo ± br.F. 

6.3.5 Pre-linac RF System 

The design of the rf system has been examined for the br.T and br.F energy-compensation systems. 

The klystron, klystron modulator and SLED as an rf pulse compression system are common for two 

energy-compensation systems. 

s-band Klystron 

The high-power S-band klystron, model E3712, was developed for the 1.54 GeV ATF linac. The 

designed maximum peak power is 100 MW in 1 J..LS and 80 MW in 4.5 J..LS pulse duration. The diode 

voltage is 450 k V at 100 MW and 400 k V at 85 MW peak power. The maximum repetition rate is 

50 pps, which is limited by the cooling limit of the beam collector. For the low-energy linac, the E3712 

klystron would be modified for a repetition rate of 150 pps with larger beam collector. 

Modulator 

The klystrons need a 400 kV pulsed-beam voltage with a 4.5 J..LS flat top to operate at the 80 MW 

peak power. A line-type modulator has been chosen due to the high efficiency, relatively low cost and 

high reliability. A conventional line-type modulator consists of 14 sections of pulse-forming network 

(PFN), and is resonantly charged and discharged by a single thyratron switch at a repetition rate of 

150 pps, synchronized with a three-phase electric power line. 

High efficiency must be achieved in order to reduce the wall-plug power. To reduce the energy loss 

in the circuit, a de-Q'ing circuit should be eliminated. This appears to be possible and about a 5 % 

reduction in the wall-plug power from the pre-linac section can be expected. A 50-kV Inverter HV 

power supply is applied for charging the PFN. The charging voltage of the PFN is fed-back to the 

inverter in order to obtain pulse-to-pulse charging stability with an accuracy of ±0.1%. 

The rise and fall times of the pulse are mainly affected by the number of PFN sections, and the 
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characteristics of the pulse transformer. In order to produce a square pulse, the number of PFN 

sections must be increased and a pulse transformer with a low leakage inductance must be developed. 

On the other hand, an increasing number of PFN sections would increase the construction cost of the 

PFN and makes the modulator large. 

A self-healing-type capacitor with a long lifetime has been developed to obtain a compact PFN. This 
o 

capacitor consists of a metalized film with thin Zn-electrodes (300 A in thickness), which form a series 

of microscopic capacitors. The case volume is less than half of the conventional type of capacitor. 

The components in the modulator cabinet have been arranged in consideration of compact size and 

easy maintenance, so that the size of the cabinet is 2.8 m in width, 1.8 m in depth, 2.2 m in height. 

The specifications of the modulators are listed in Table 6.10. Approximately a 5 % positive mismatch 

is used at full voltage for a proper operation of the thyratron and the load impedance is about 5 % 
higher than the output impedance of the modulator. The charging efficiency of the PFN has been 

estimated to be 95 %. 

Klystron ~10dulator 

Peak power output 198MW 

Average power output 210kW 

Transformer ratio 1:18 

Output pulse voltage 22.0 kV 

Load impedance 2.5 n 
PFN impedance 2.4 n 
Thyratron anode voltage 45.6 kV 

Thyratron current 8982 A 

Pulse flat top 4.5 JiS 

Rise time 0.8 JiS 

Pulse height deviation from flatness 1.0 % (p-p) 

Pulse amplitude drift in short term < 0.1 % (p-p) 

Pulse amplitude drift in long term < 0.3 % (p-p) 

Repetition rates 150 pps 

Efficiency of energy transfer r'V 85 % 
Wall plug power of a modulator, 243kW 

Wall plug power of modulator peripheral 
Low level and control 4.5kW 

Klystron focusing coil 8kW 

Klystron heater power 0.5kW 

Klystron driver 1 kW 

The others 5kW 

Total wall plug power Irf unit 262 kW 

Table 6.10: Specifications of the S-band klystron modulator. 
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Figure 6.36: Block diagram of the modulator circuit. 

RF Pulse Compression System (SLED) 

The SLED pulse-compression scheme and associated SLED cavity ideas were invented and established 

at SLAC. This is a standard RF compression system at S-band frequencies, and are utilized for SLC, 

LEP injector, LAL at ORSAY, PLS linac and ATF linac. The RF energy from the klystron is stored 

in two T E015 high-Q cavities. Then the power is released through the coupling iris into the waveguide 

to feed the accelerating structure during the tail part of the same pulse by changing the phase of the 

RF input pulse from zero to 1(' rapidly. 

The parameters of the SLED cavity designed for the ATF linac are given in Table 6.11. 

RF System for the Pre-linac Using b..T ECS 

The rf system of the pre-linac with the b..T-ECS has been designed. The system is shown in Figure 6.37. 

A klystron produces an rf pulse with 60 MW of peak power and 4.5 J.lS of pulse duration. The rf 

power is fed into a SLED cavity. At 3.5 J.lS after the feed of rf pulse into the SLED cavity, the rf phase 

would be reversed. A saw tooth-like waveform with instantaneous peak power of < 300 MW and pulse 

duration of 1.0 J.lS is extracted from the SLED cavity. The rf power is divided into two rf waveguides 

to feed rf peak power of < 150 MW into a 3 m-Iong accelerating structure. The multi-bunch should 

be accelerated before the rf front reaches the end of the accelerating structure in order to avoid the 

energy spread due to the dispersive effect of the structure itself. The net accelerating gain per unit 
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Operation frequency 2856 MHz 
Cavity length L 33.59 cm 
Cavity diameter 2a 20.51 cm 
Groove width Wg 1.0cm 
Groove depth dg 0.9 cm 
Iris diameter D 2.98 cm 
Iris thickness tw 1.2cm 
Quality factor Q 105 

Coupling coefficient f3 4.8 
SLED filling time Tc = 2Qo/w(1 + f3) 1.92 J.LS 

Klystron pulse width tr/k 4.5 J.Ls 

SLED input pulse width tin 3.5 J.LS 

SLED output pulse width tr/ 1.0 J.LS 

Mode se]:,anttlc,n between T E015 and T Mus 20 MHz 

Table 6.11: Main parameters of the dual-iris SLED system. 

3.5 IJ.sec 1.0 lJ.Sec 
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< 300 MW 
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Solid State Amp. 

Klystron 
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4 x 3.0 m Acc. Structures 

320 MeV 

< 300 MW 

< 150 MW 

Figure 6.37: Unit of linac for D.T ECS. 

length would be reduced by beam-loading. Table 6.12 gives the parameters relevant to the pre-linac 

RF system when the D.T EeS is adopted. Using those parameters, the total wall-plug power is roughly 

estimated to be 15 MW per pre-linac. 
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Maximum 

specifications 

Klystron E3712-II 

Klystron peak power MW 60 

Klystron voltage kV 365 

Klystron current A 428 

RF pulse width J.ts 4.5 

Micro-perveance 1.94 

Efficiency % 38 

Number of modulators 60 

Output pulse voltage kV 20.3 

Peak output power MW 182.7 

Average power output kW 205 

Repetition rate pps 150 

Thyratron anode voltage kV 40.6 

Thyratron anode peak current kA 8.4 

Pulse transformer ratio 1:18 

Pulse width J.ts 7.5 

Nominal PFN impedance n 2.4 

Total PFN capacitance J.tF 1.4 

Table 6.12: Parameters related to the klystron modulators for 8 GeV low-energy linac, when the 

!::t.T ECS scheme is adopted. 

RF system for the Pre-linac Using !::t.F-ECS 

The rf system of the low-energy linac with the AF-ECS has been designed based on the ATF S-band 

linac. The configuration of the system is basically identical to that of the ATF linac. See Figure 6.38. 

The parameters relevant to the RF system, when !::t.F-ECS is adopted, are given in Table 6.13. 

A klystron produces an rf pulse with 60 MW of peak power and 4.5 J.tS of pulse duration. The rf power 

is fed into a SLED cavity. At 3.5 J.tS after feeding rf pulse into the SLED cavity, the rf phase would 

be reversed. The saw tooth-like waveform with an instantaneous peak power of 300 ~1W and a pulse 

duration of 1.0 J.ts is extracted from the SLED cavity. The rf power is divided into two rf waveguides 

to feed the rf power of 200 MW (peak) into a 3 m-Iong accelerating structure. Since the rf pulse 
front reaches to the end of accelerating structure, the accelerating field in the structure is distributed 

from 34 MV1m to 52 MV1m along the accelerating structure. The multi-bunch should be accelerated 

before the rf front reaches the end of accelerating structure in order to· avoid an energy spread due 

to the dispersive effect of the structure, itself. The net accelerating gain per unit length would be 

reduced by the effects of beam-loading. AF-ECS section is installed before an individual quadrupole 

magnet, so that the energy spread of the multi-bunch is compressed before passing through the optics. 
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8 Energy 

Accelerator Compensation 

Section System 
Klystron E3712-II E3712-II 
Klystron peak power MW 60 50 
Klystron voltage kV 365 350 
Klystron current A 428 401 
RF pulse width J.1,s 4.5 1.0 
Micro-perveance 1.94 1.94 
Efficiency % 38 38 

Number of modulators 52 26 

Output pulse voltage kV 20.3 19.4 
Peak output power 11W 183 174 
Average power output kW 205 78.3 
Maximum rate 150 150 

Thyratron anode voltage kV 40.6 38.9 

Thyratron anode current kA 8.4 8.08 

Pulse transformer ratio 1:18 1:18 
Pulse width J.1,s 7.5 3.0 
Nominal PFN impedance n 2.4 2.4 

Total PFN 1.4 1.4 

Table 6.13: RF system parameters (maximum specifications) for the JLC pre-linac, when the ll.F 

ECS scheme is adopted. 

Two such systems (with an RF frequency slightly higher and lower than the standard 2856 MHz), as 

shown in Figure 6.38, will be paired to form a complete unit energy-compensation system. In order to 

simplify the timing system, the rf frequency deviation was chosen to be 1.082 MHz, which is just the 

damping ring revolution frequency, and is also the 2640th subharmonic frequency of the 2856 MHz 

fundamental frequency. Therefore, one accelerating structure is driven at 2856+1.082 MHz, while 

another accelerating structure is driven at 2856-1.082 MHz. The peak power from the klystron is 

50 MW at a 1.0J.1,s pulse duration. One unit of the system can compensate a 40 MeV energy difference 

among the multi-bunch. Therefore, the system can compensate an energy difference of 80 :MeV at the 

maximum among the multi-bunch. 
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6.3. 8 GeV Pre-linac 
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Figure 6.38: A regular RF unit of the JLC pre-linac when the D.F ECS scheme is adopted. 
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7.1 Basic Design Requiremellts 


General idea 

The basic purpose of the main linac is to accelerate multi-bunches from the injection energy to the 

final one. The nominal center-of-mass energy E c.m . is set to be 1 TeV, and all of the linac parameters 

are being first set at this energy. However, the linac is designed to be capable of operating at a lower 

energy, such as the center-of-mass energy of 250 GeV. Also, the present scheme should be technically 

applicable to an energy upgrade to the range of E c.m . = 1.5 TeV without essential modifications of 

the RF system. 

A length of about 20 km for the two linacs is considered to be reasonable at present. Acceleration at 

a level of 50 ~fV1m will be required to reach the nominal energy. The length and accelerating field 

should be optimized in the engineering design stage from stability, reliability and cost points of view. 

To realize this high field with a limited wall-plug power for the linac, a high frequency of 11.424GHz 

was chosen as compromise, by considering the merits obtained from the higher frequency and the 

difficulties concerning higher frequency structures. 

The basic optical configuration of the linac is described in Chapter 8. The requirements on the various 

hardwares along the linac, such as the alignment tolerance and tolerable wake-field, are discussed there. 

The requirements on the beam instrumentation along with the strategy from the initial step to the 

feedback performance are given following the discussion in that section. 

RF power-related issues to be established to realize this high-frequency design include the generation 

of a high RF peak power with a short pulse length, while maintaining a high efficiency from the 

wall-plug power to the beam. The RF system configuration, which realizes these requirements, is 

discussed in Chapter 10. 

Another important issue concerning the high frequency design arises from the existence of structures 

near to the beam, which results in high longitudinal and transverse wake-fields. 

The short-range longitudinal wake-field results in an energy distribution within a bunch. This distri

bution will be corrected by setting the bunch off crest to the RF phase along the whole linac with 

respect to the beam by about 17°. On the other hand, the short-range transverse wake-field should 

first be minimized by aligning the structures well with respect to the beam. The residual wake-field 

will be compensated by using a BNS damping scheme at the low-energy part of the main linac. These 

issues are described in Chapter 8 in detail. 

As for the long-range longitudinal wake-field, one of the biggest concern is that of the accelerat

ing mode. This wake-field, fundamental beam loading., causes an int.er-bunch energy variation. To 

suppress this variation, various schemes, such as a staggered-timing scheme, an amplitude.. or phase

ramping scheme and a passive-correction cavity scheme, are being studied. On the other hand, the 
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191 7.1. Basic Design Requirements 

long-range transverse wake-field causes a transverse multi-bunch emittance growth. In order to sup

press this, the wake-field is designed to be canceled among the modes in the four interleaved structures, 

which are aligned well. However, this cancellation cannot be realized perfectly. This is because of a 

misalignment of the cells in a structure or a relative misalignment among the four interleaved struc

tures in addition to some residual wake-field which exists, even in the perfectly aligned case as intrinsic 

residual components and that due to fabrication errors. The requirements from a beam dynamics point 

of view are described in Chapter 8. The alignment of the structure or the cells in a structure should 

be made with respect to the beam within several microns, which tolerates the residual wake-field after 

cancellation. In order to make this cancellation method work, and also to realize a good alignment 

among the four structures, a high-precision fabrication technique becomes one of the key technologies. 

The issues related to the design and fabrication of such an accelerating structure are described in 

Chapter 9. 

The philosophy of this high-precision fabrication should be applied to all components along the linac, 

such as the quadrupole magnets and the beam position monitors, in order to make the accuracy of their 

alignments good. It is also good to keep the wake-fields originating from those beam environments 

small. It should be noted that once high-precision fabrication and alignment techniques are estab

lished, they should naturally be extended to the mass production of a huge number of components in 

an inexpensive way. 

Typical parameters of the main linac 

The main-linac parameters are given based on a consideration of the whole linear collider system, 

while keeping reasonable operational values of such components as the klystrons, modulators and 

structures in mind. The parameters relevant to the main linac are listed in Table 7.1. 

The bunch spacing of 1.4 nsec is now fixed as a nominal value. The possibility of a longer bunch 

spacing, such as 2.1 or even 2.8 nsec was studied, in order to ease the needed damping or cancellation 

of the long-range transverse wake-field in the accelerating structures. In the case of a heavily damped 

structure, the damping scheme still needs fairly heavy damping, even if we take such a long bunch 

spacing except for a margin in a fast cancellation of the wake-field. On the other hand, a constant

gradient structure already has a natural spread in the dipole-mode frequency, which almost meets the 

requirements for the case of a 1.4 nsec bunch spacing. In this sense, we do not have a large merit due 

to the longer bunch spacing. On the other hand, we cannot expect a gain in luminosity by going into 

a longer bunch spacing with a larger charge in a bunch. 

The RF pulse width required for the structure is the sum of the rise and fall time of the RF pulse, 
the filling time of the structure and the width of the bunch train. It is estimated that the rise and 

fall time of the RF pulse is each 10 nsec. Thus, the total width is 250 nsec. 

The repetition rate of the linac is limited due to the upper limit of the wall-plug power to around 

200 MW. 
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Parameter Value Unit 

-Energy-

Collision energy Ecm 1000 GeV 
Beam energy Elinal 500 GeV 
Injection energy E inj 10 GeV 

-  Beam parameters - 

Number of particles per bunch N 0.70x1010 

Number of bunches per pulse mb 85 

Bunch spacing tb 1.4 ns 

Repetition frequency frep 150 Hz 
Normalized emittance at the exit of damping ring rEx/rEy 3x10-6 /3x10- 8 m 
R.m.s. bunch length CTz 90 J.Lm 

Single-bunch full-energy spread 0.3 % 
Multi-bunch full-energy spread 0.1 % 

- RF basic parameters 

Main accelerating frequency. frl 11.424 GHz 

Nominal accelerating gradient Go 73.0 MV/m 
Effective accelerating gradient1 Gell 55.6 MV/m 
RF unit (number of modulator / klystron / structure ) 4 / 8 / 12 
Peak power input to structure 130 MW 

Off-crest angle for single-bunch energy compensation2 
<Prl 17.2 deg 

Single-bunch extraction efficiency 111 1.97 rv1.47 % 

-- Structure parameters - 

Structure type Detuned 


Configuration 4-fold interleaved 


Accelerating mode 21r/3 


Number of cells in a structure3 150 


Structure length 1.31 m 


Average iris radius in unit of wave length4 a/>.. 0.166 


range (entrance - exit ) 0.20rvO.14 

Filling time5 TI 106.4 ns 

Attenuation parameter5 'T 0.609 

Beam hole radius a 5.23rv3.67 mm 

Disk thickness t 1.2rv2.4 mm 

Group velocity vg/c 0.098rvO.02 

Q value5 Q 6800rv6050 

Shunt impedance5,6 r/Q 10.2rv13.6 k!1/m 
Shunt impedance5,6 r 70rv82 M!1/m 
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193 7.1. Basic Design Requirements 

Loss parameter kl 2.44",,1.83 x 1014 V/C/m 

Average power loss per structure7 3.4 kW 

-- Dipole mode frequency 


Gaussian spread (sigma) of 1st passband aidl/idl 2.24 % 

full spread of 1st passband I::l.idl/idl 11.2 % 

frequency tolerance 8idI/idl < 10-4 


Gaussian spread (sigma) of 6'th passband a id6/id6 0.716 % 

full spread of 6'th passband l::l.id6/id6 3.58 % 


-- Klystron parameters 


Peak power Pkly 67 MW 


Pulse length7 
Tkly 750 ns 


Cathode voltage Vk 430 kV 


Cathode current Ik 338 A 

Estimated efficiency 1]kly 45 % 

PPM 

-  Pulse compression 

Pulse compression scheme 4/3 DLDS 

Transmission mode TEO! 

Delay line diameter 118.1 mm 

Delay line length long 79.4 39.7 m 

-  Modulator - 

Number of klystrons to drive 2 

Modulator configuration Blumlein 

Number of stages 24x2 

Pulse transformer ratio 1:5 

Charging voltage 86 kV 

Current9 1696x2 A 

Switching device 

Tolerances and acceptances10 - 

Injection energy spread ( acceptance ) 2 % 
Structure misalignment tolerancell 

cell-to-cell 9 Ji-m 
structure-to-structure 6 Ji-m 
minimum ( at wave length ",,60m ) 3 Ji-m 

Quadrupole magnet (random) 

between successive beam based alignments 2 Ji-m 

transverse position jitter tolerance 10 nm 

field strength jitter tolerance 0.5 % 
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194 Ghapter 7. X-band Main Linacs: Overview 

Linac - 

Number of DLDS units 

Number of klystrons / beam 

Number of structures / beam 

Number of DLDS units per DLDS period 

Active length of main linac / beam 	 Lace 

Packing factor 

Total length / 2 linacs 

A verage beam power / beam 

Assumed efficiency from AC to structure input 

2 linacs 

1: 	net accelerating gradient including single-bunch 

and multi-bunch energy compensation 

2: average over the whole linac 

3: including input and output coupler 

4: averaged being weighted by a-3.5 

5: assuming 95% of the theoretical Q value 

6: accelerator definition 

7: at the nominal gradient without beam 

8: including switching time of DLDSj (10+230+IO)x3 

9: driving two klystrons 

10: 	based on the criteria of 25% emittance growth 

in the linac 

11: based on the random offset which is constant 

over each alignment length 

Table 7.1: 500 GeV X-band main linac parameters. 

7.2 RF System Configuration 
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A possible view of the linac is schematically shown in Figure 7.1. The basic RF system configuration, 

consisting of the above-mentioned system, is shown in Figure 7.3. 

One RF system unit, called a DLDS unit, consists of eight klystrons with Blumlein pulse-forming 

networks and pulse transformers, delay lines and twelve 1.3m-Iong accelerating structures. Each 

klystron produces a peak power of 67 IvIW with 750 nsec in width. The power from the klystrons is 
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Figure 7.1: A possible schematic view of the inside of X-band linac tunnel. 

chopped in time into three time bins. Each bin is combined with those from the other klystrons to 

make the power four-times higher than that of a pair of klystrons. This power is transported to the 

structure at a proper location, and is again divided into four wave guides to feed four structures. This 

system gives a peak power of 130MW for each structure with a duration of 230 nsec. 

One of the key issues to operate the main linac and to reach a very high energy with reasonable 

luminosity is to keep the total wall-plug power within a reasonable limit. Concerning this aim, 

the efficiency of the energy transformation in the system should be sufficiently high. Therefore, each 

component should be designed to have a reasonably high efficiency. The adoption of the DLDS system 

is actually one of the ways to realize high efficiency. However, in this case, it should be noted that 

such RF characteristics as the phase stability between a long distance and so on should be carefully 

studied from the view point of beam dynamics. 

To realize this high efficiency, the Blumlein PFN is aiming at a fast rise and fall time of the high

voltage pulse by increasing the effective voltage in PFN and reducing the pulse transformer winding 
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Figure 7.2: Schematic view of detuned structure for JLC. 

DC power supply line 
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Figure 7.3: Schematic diagram of a DLDS system. 
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ratio. The klystron is designed to make an electric efficiency larger than 45% with beam focusing by 

a device, such as a periodic permanent magnet. Chopping of the RF pulse length is performed by 

simply dividing the produced long pulse by a 3 dB coupler circuit, and delivering it to a different place 

so that the loss is limited to only the transmission loss, and, thus, the loss can be kept fairly small. 

As an accelerating structure, a simple disk-loaded structure was adopted in order to realize the stable 

operation at a high field with a careful control of the frequencies of the higher modes. Although the 

shape is evident, it is schematically shown in Figure 7.2. Due to the requirement on the cancellation 

of the dipole wake-field, four similar structures are located near by in space. In this sense, the 

four structures are aligned among each other to a fairly good precision. In a practical design, some 

sort of BPM's should be integrated into the accelerating structure. In some case, although those 

BPM's are independent structures, they are mechanically connected to the accelerating structure, 

while maintaining a good alignment among them. In another case the BPM's might be the accelerating 

structure itself equipped with some pickups for the BPM action. The design following these ideas 

should be studied in detail. 

The period between the four structures which belong to the same DLDS unit is 39.7m. Then, six sets 

of four structures becomes a good number if we consider the space for the components, other than 

the net acceleration. In this case, the space other than the acceleration amounts to about 20%. 

7.3 Energy Upgrade toward ITeV 

The essential parameters of the linac are determined at a nominal energy of 1 Te V c.m. energy. 

However, the initial operation of the linac will be at a considerably lower energy due to a require

ment based on the strategy of physics experiment as well as the unfinished mass production of the 

components for the whole linac. 

It is not necessary to change the configuration of the RF unit in order to change the energy of the 

linac. To operate at a lower energy mode, the simplest method is to operate the RF sections at the 

full specifications for 1 TeV c.m. energy while reducing the active length of the linac. This means 

that we need to transport the beam for the rest of the linac through a very large beam pipe with a 

very large beta function by installing large quadrupole magnets. On the other hand, it is also possible 

to operate the linac at a somewhat lower gradient to realize a lower energy. In this case, there is a 
lower limit of the gradient due to a heavy beam-loading behavior. The determination, such as the 

percentage of filling in the linac with the accelerating structures, and the choice of feeding or idling for 

the installed accelerating structures, should be determined while practically considering the status. 

The extendibility to even higher energies can be considered in several strategies, such as increasing 

the RF peak power by increasing the klystron output power, or increasing the length of the linac 

while keeping the RF system the same. In any case, it should be inevitable to increase the wall-plug 

power, unless some advanced RF technologies make the electric efficiency much higher, or by admitting 
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the lower luminosity by adjusting the repetition rate of the linac. However, a detailed study of this 

extendibility is outside the scope of the present study. 

7.4 Controlling the Emittance 

There are a number of important issues to consider concerning the preservation of the ultra-low 

emittance of the beams through the main linacs. 

• Energy spread 

The single-bunch energy spread can be compensated by the RF slope to within 0.3%. 

The multi-bunch energy spread becomes on the order of 20% due to fundamental beam-loading 

for the last bunch in a train, unless a correction is made. The energy distribution among 

the bunches can be reduced to within 0.1% by various methods. To find a proper method 

of compensation which meets this requirement, some beam-loading compensation schemes are 

being studied, such as a staggered-timing scheme, a !:l.F scheme, an RF amplitude or phase 

modulation scheme, a scheme with correction cavities, etc. From a beam-dynamics point of 

view, local compensation should be used. Otherwise, the bunch-to-bunch difference of the 

focusing strength could be fairly large especially in a low-energy part of the linac, until passing 

through more than several structures and the compensation is completely finished. The choice 

should be made while considering the beam dynamics stability, the complexity of the system in 

the whole linac and so on. 

• Transverse emittance 

The ENS damping scheme is used for suppressing the transverse single-bunch emittance growth. 

In addition to this damping scheme, a good alignment of the structures is very essential to 

suppress the transverse single-bunch emittance within a tolerable level. Each structure or each 

bunch of four structures is equipped with two beam-position monitors which are aligned well 

mechanically with respect to the structures. The measured beam position is fed back to the 

alignment of the structures via precise active movers. 

The multi-bunch emittance, that is the scattering of the multi-bunches in transverse phase space, 

should also be preserved along the linac so as to be smaller than the size of the single-bunch. 

This is so as to realize high luminosity in multi-bunch operation. 

Firstly, the long-range transverse wake-field is designed to be canceled out among the higher 

modes by distributing the frequencies of the relevant dipole modes in a truncated Gaussian 

manner, so that the wake-function in the time domain will also fall in a Gaussian manner. The 

spread of the Gaussian distribution in frequency is designed to be sufficiently wide so that the 

falling time is fast enough to make the· wake-field decrease by two orders of magnitude at the 

time of the next bunch arrival (1.4 nsec). 
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In this design, a slow, but large, growth of the wake-field within a bunch train is inevitable 

because of the finite number of modes to be distributed within a structure. One of the methods 

used to overcome this is to design four structures interleaved so that the effective mode spacing 

becomes four-times smaller, and the resulting recurrence time becomes four-times later than 

before. Then, the wake-field will stay within a tolerable level during the bunch train. In the 

present report, this interleaved DS method is extensively mentioned. However, there might be a 

better way of avoiding this recurrence, by introducing a medium damping for the higher modes. 

This method is now being studied at SLAC in a damped-detuned structure, DDS. We keep in 

touch with this activity as an option until the final decision is made concerning the structure 

types. Another possible candidate for a heavily-damped structure, HDS, is now also being 

studied as an optional configuration of the linac structures to study practical optimization. A 

study of the structure based on the choke-mode idea has just started. 

• Alignment 

In addition to the cancellation of the wake-field, the alignment of the structures and that of the 

cells in a structure are very important, because the wake-field is proportional to the offset of the 

beam. A practical estimation of the tolerance based on the calculated wake-field is under way. 

Especially, the coherent cancellation among four interleaved structures near to the injection area 

is not self-evident because the length of four interleaved structures becomes a large fraction of the 

betatron wave-length. The cell alignment in a structure is also very essential in the cancellation 

of the wake-field within a structure. The estimated cancellation of the wake-field is usually 

performed by assuming that all of the cells in the structure are perfectly aligned. However, a 

better approximation method should be developed to practically deal with a cell misalignment 

in a structure. A trial simulation which takes a misalignment of the structures into account is 

described in Chapter 8. 

The beam position with respect to a structure is measured and used to feed back to the position 

adjustment. A beam-based alignment should be applied as a final step to align the structures. 

The short-range wake-field, or even a long-range one, due to such steps as the connection point 

of various components along the linac or from side holes for the evacuation if existing, BPM's, 

etc. should be within a tolerable level. 

The alignment of such components as the quadrupole magnets, beam position monitors and the 

structures are very essential for preserving low emittance. 

• Instrumentation and feedback 

The BPM is the most basic and important device used to align the quadrupole magnets and 

structures to the beam. They are located very close to those components. The accuracies 

and resolutions needed for those BPM's are described in Chapter 8. In several special beam

diagnostic sections along the linac, the single-bunch and bunch-to-bunch emittance of the beam 

is measured in order to globally compensate the emittance degradation. Such a non-local com

pensation should be considered after the practical configuration of the linac is fixed. This 

compensation might relax various tolerances as a result. However, this type of compensation 

should be designed as a safety margin of the linac to reach the required quality. 
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• Vacuum 

The vacuum pressure should be kept below the tolerance determined by the ion effect for multi

bunch emittance preservation. In the DS case, the vacuum conductance is limited because the 

evacuation is only through the beam hole in the disk. To make the vacuum low, the out-gassing 

rate, especially for the high-Z molecules, should be small. A study of the out-gassing rate is 

now under way, as described in Chapter 9. 
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202 Chapter 8. X-band Alain Linacs: Beam Dynamics 

8.1 Introduction 


8.1.1 Issues with Emittance Dilution 

In an ideal linac, the normalized transverse emittances '"'(tx and '"'(ty and the absolute energy spread 

IJ.E are conserved quantities. In reallinacs, some increases occur in these values due to a variety of 

phase-space dilution mechanisms. This chapter treats those issues related to the preservation of the 

transverse emittance of the beams along the main linacs. 

It is well known that various construction and operational errors in the linacs can cause emittance 

dilution. It should be noted that since the design value of the vertical emittance of the beams extracted 

from the damping rings is smaller than that of the horizontal emittance by two orders of magnitude, 

the tolerable magnitudes of machine errors in the vertical direction will generally be much tighter 

than that of the horizontal ones. Consequently, in this chapter, various tolerance values for the main 

linacs are quoted only for the vertical direction. 

Under usual operation, the acceptable energy spread at the end of the main linacs is determined by 

the calculated acceptance of the final focus system, which is ±1% in our design. 

As for the transverse beam emittance, the nominal emittance values quoted for describing the "JLC 

design parameters" in Chapter 2 are 3 x 10-6 m and 3 x 10-8 m for the horizontal and vertical 

directions, respectively. The design of the current final focus section can accept the normalized beam 

emittance up to a horizontal value of 4 x 10-6 m and a vertical value of 9 x 10-8 m (See Chapter 13). 

These are to be compared with the design value of the equilibrium horizontal emittance (normalized) 

of 2.52 x 10-6 m from the damping rings (See Chapter 5). 

It is seen from above that there are some design and operational margins in quoting the ideal, design 

and acceptable emittance values. However, of course, it is neither very safe nor particularly scientific 

to declare certain values of the emittance budget or emittance blow-up allowances, unless quantitative 

studies on specific causes of emittance dilution are conducted. In this chapter, for each error source 

that can cause emittance dilution, its tolerance is estimated for a < 25 % increase of the emittance. 

The total increase in the emittance will be approximately a linear sum of increases due to each of 

these effects, if they are small compared with the nominal emittance. 

At this moment, the effects of coupling between the horizontal and vertical phase spaces are not 

considered. However, the longitudinal dynamics is examined here. Because of the extremely relativistic 

beam energy in the main linacs, and because of the small transverse momentum of particles compared 

to the longitudinal momentum, we assume that the relative longitudinal positions of particles in the 

beams do not change along the linacs. In longitudinal dynamics, only changes in the particle energies 

are considered. The dependence of the transverse motions on the particle energy is an important 

issue. On the other hand, the dependence of the particle energies on their transverse motions will be 
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203 8.1. Introduction 

very small. These effects are ignored here. 

8.1.2 Sources of Emittance Dilution 

There are two major sources of emittance increase: dispersive effects and wake-field effects: 

• 	 Beam particles having different energies obtain different magnitudes of transverse kicks in mag

netic fields. This effect leads to different trajectories for particles with different energies, and 

eventually causes an emittance increase. This is called the dispersive effect . 

• 	 '''hen charged particles pass through accelerating structures, wake-fields are induced. Dipole

mode wake-fields are the most important in the main linacs when considering the transverse 

motions of particles. The amplitude of the dipole-mode wake-field is proportional to the trans

verse offset of the leading particle. Because of the wake-field, the following particles are kicked 

in the direction of the offset. This effect causes different trajectories of particles at different 

longitudinal positions, and it will eventually increases the emittance. This is the wake-field 

effect. 

The dispersive effect mainly determines the misalignment tolerance of the quadrupole magnets that 

constitute the linac beam lattice, and the wake-field effect determines a tolerance of misalignment of 

the accelerating structures. 

Jitters of the transverse beam positions can also reduce the luminosity, since they introduce transverse 

offsets of electron and positron beams at the interaction point. This effect needs to be considered in 

addition to the emittance dilution effects. A reduction in the luminosity that takes the position-jitter 

effects into account can be expressed by a quantity called, the "effective emittance." It is defined as 

feff v'< x 2 >< X l2 > - < XXI >2, 	 (8.1) 

where x and Xl are particle offset and angle. The symbol <> means to take an average of all particles 

in many pulses. 

Note that the emittance is defined by 

f v'< (x- < x >)2 >< (Xl- < Xl »2 > -« XXI> - < x >< Xl »2, (8.2) 

where < > means the average of all particles in a pulse. 

The "effective emittance" is a measure of the beam quality with position jitter, and the emittance is 

a measure of the beam quality when the centers of the two beams can be well-controlled. 
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8.2 Lattice Design 

The approximate emittance growth of the beam in the linac is given by an analytical formula, 

'" e2A~msS;msf3oLa(EJ - E8) 
< 'Y8f >'" 2 2 Ea (8.3)amc 09 

Here, the beta function is assumed to be smooth along the linacs (continuous focusing), and is assumed 

to be given by, 

(8.4) 

In Equation 8.3, Arms is the rms of misalignment, f30 the beta function at the beginning of the linac, 

La the length of a unit accelerating structure, 9 the accelerating gradient, and mc2 the electron rest 

mass. 

Srms is a quantity that is determined by the wake-function and distribution of the bunch charge. 

Suppose that we divide a bunch into longitudinal slices and let qm be the charge of the m-th slice, 

and Zm the longitudinal position of the slice m. Then the "sum wake" of a structure is defined as 

Sm(A) == L qkW(A, Zm Zk). (8.5) 
k 

Here, A is an index for specifying an accelerating structure along the linac. Srms(A) is defined for 

structure - A as 

(8.6) 
m k 

where 

Sa,m(A) == Sm(A) L qmSm(A)1 L qk· (8.7) 
m k 

We consider here a concept which we call "alignment unit." Each alignment unit is assumed to consist 

of either (a) M structures or (b) 11M structure (M 1,2,3, .... ), and is considered to be aligned 

as one inseparable object. Assuming that all of the alignment unit have the same rms as that of the 

misalignment magnitude, the same wake-function and the same length, the arguments for Srms can 

be omitted. More on t.he effects of the accelerating structure will be discussed in section 8.7. 

The above expression shows that. the energy dependence of the growth of the normalized emittance 
is given by (EJ Eg). The emittance growth per unit length at the point where the beam energy 

equals E is proportional to f3 IE, 
2!£ 8 '" e2A~msS;msf3oLa 1 '" e A;msS;msLa f3 (8.8)9 dE < 'Y f >'" 2mc2Ea El-a '" 2mc2 

o 

The length of an accelerator segment that corresponds to a unit phase advance is f3. It is equivalent 

to f30 (EIEo)a. Therefore, the increase in the normalized emittance per unit phase advance is given 

by 
1 '" e2A;msS;msLa f32 

(8.9)
'" 2mc2 E' 
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This indicates that if 0: = 1/2, the emittance growth rate per unit phase advance will be a constant 

quantity along the linac. 

As the optical lattice for the main linacs, we consider FoDo cells. Two accelerating structures are 

placed between quadrupole magnets in the low-energy region. The number of structures between the 

quadrupole magnets is gradually increased as the beam energy increases. The expected increase in 

the normalized emittance in unit length caused by wake-field effects due to a misalignment of the 

accelerating structures is approximately proportional to /3/E. Since the alignment accuracy of the 

structures will be at a fixed quality along the linac, this means that the beta-function value should 

increase as the beam energy increases. We have adopted a design in which beta is proportional to the 

square root of the beam energy. This will make the expected emittance increase per betatron period 

to be a constant along the linac. 

We now turn to the emittance increase caused by dispersive effects due to a misalignment of the 

quadrupole magnets in the lattice. The emittance increase in this case depends on the phase advance 

per FoDo cell. It should be noted that the length of a unit FoDo cell along the linac changes only 

when the number of the structures between quadrupole magnets is stepped up. Consequently, the 
phase advance cannot be arranged so as to keep the beta function to be perfectly proportional to the 

square root of the beam energy. 

In practice, in our design each linac is divided into 7 sections, where the number of accelerating 

structures between quadrupole magnets is 2, 4, 6, .... , 12 and 14, respectively. We choose 90 degrees 

per cell phase advance at the beginning of each section. Then, within each section the phase advance 

per cell is decreased as the beam energy increases. When the beam energy becomes n 2 of the initial 

energy, the n-th section is started. 

The phase advance at the beginning of the sections, which determine the initial value of the beta 

function (because the length of the FODO cells is determined by the number of accelerating structures), 

should be determined by compromising both effects: a small beta function reduces the wake-field effect, 

and a large beta function reduces the dispersive effects. We chose 90 degree so that the estimated 
tolerances of both the accelerating structures and the quadrupole magnets are not too tight. 

Figure 8.1 shows the resultant vertical beta function along the linac. Because we did not consider 

coupling between both coordinates, the horizontal beta function is almost the same as the vertical 

one in this design. 

It should be noticed that the present choices of the parameters are not well optimized, and that some 

of the parameters will have flexibilities, even after all of the hardware is constructed. Here, we use 
the parameters as one possible model to evaluate the tolerances etc. 

Tracking simulations were performed to study the beam dynamics. The model linac comprises 

quadrupole magnets and accelerating structures as the main elements. At each quadrupole magnet, 

a beam position monitor and a steering magnet are placed for orbit corrections. 

In an actual linac, although there should be several beam-diagnostic regions to measure the beam 

energy and emittance etc., we have not designed these areas yet. 
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Figure 8.1: Design vertical beta function along the linac. 
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8.3 Wake-field Calculation 


8.3.1 Short-range Wake-field 

Short-range wake-functions of the accelerating structures were calculated from formulae as follows 

[16]. For the longitudinal wake, 

(8.10) 

and for transverse wake, 

(8.11) 

where 

( 
Ls 

L cavity cell period, 

A wave length, 

a iris aperture, 
a 1 

r >: 0.14' 
Zvac vacuum impedance, 

and 

0.998ro.078 , 

-1.474rO.371 , 

WLO 

W L1 

O.702ro.784,WL2 

1.550rO. 179 ,W TO 

WTl 	 -1.378r°.411 , 

0.433rO' 762.W T2 

Equations 8.11 and 8.10 are valid when the following conditions are satisfied 

a 
0.10 	 < >: < 0.18, and 

so ::; L ::; 0.1. 
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208 Chapter 8. X-band Main Linacs: Beam Dynamics 

The formula was obtained for infinite constant-impedance pill-box cell structures, where all of the 

cells have the same dimensions and the wake-function depends on the aperture of the cells. Because 

the cells of our structure have different dimensions, we take the average of wake-functions of constant

impedance structures with the same aperture of cells of our structure. 

In Figures 8.2 and 8.3, the obtained longitudinal and transverse wake-functions are shown, respectively. 

The straight line in Figure 8.3 shows the linear approximation used in our tracking simulations. 

Short.. Range Longitudinal Wakefunction 

2.0 

1.5 

1.0 

0.5 

o 0.0001 0.0002 0.0003 0.0004 0.0005 
s (m) 

Figure B.2: Short-range longitudinal wake-function. 

8.3.2 Long-range Wake-field 

The long-range longitudinal wake-field was not studied here. The bunch-by-bunch energy difference 

has not yet been studied in detail. 

The long-range transverse wake-field of a detuned structure was calculated using the "Open mode 

expansion" [15]. The frequencies, kick factors and field distribution of the modes of the lowest 8 pass 

bands of the detuned structure were obtained by this method. 

Figure 8.4 shows the wake-functions at the distance between bunches for 4 different types of structures. 

Figure 8.5 shows a summation of the wake-functions of the 4 types of structures. The designed 

cancellation of wake-functions of 4 types is shown here. Note that the actual cancellation is effective 

only within a length comparable to or shorter than the beta function. At the low-energy region, the 

beta function is small, and the cancellation is not as effective as suggested in these figures. 
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Figure 8.3: Short-range transverse wake-function. The straight line shows the linear approximation 
used in our tracking simulations. 
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Figure 8.4: Wake-functions at the distance between bunches for 4 different types of structures, 

respectively. 
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Figure 8.5: Summation of the wake-functions at the distance between bunches of the 4 types of 

structures. 
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212 Chapter 8. X-band Main Linacs: Beam Dynamics 

8.4 Energy Distribution 

The longitudinal position dependence of the energy of particles in the beam and the uncorrelated 

energy spread are described in this section. For simplicity, the longitudinal charge distribution is 

assumed to be semi-Gaussian, truncated by 3-0-, with 0- 90 J..lm. 

The energy distributions of the beam depend on: 

1. Initial distribution at injection, 

2. Longitudinal wake-field, 

3. Amplitude and phase of accelerating RF field. 

The initial distribution is given by the design of the bunch compressor and the pre-linac. The tolerable 

energy spread was estimated by tracking simulations. Figure 8.6 shows the emittance increase vs. 

initial energy spread. To simplify the study, the distribution is assumed to be Gaussian and the 

0.9 

0.8 

0.7 

0.6 
w-w 0.5<:] 

0.4 

0.3 

0.2 

Initial energy spread (0/0) 

Figure 8.6: Relative emittance increase vs. initial energy spread. A 2 micron misalignment of the 

quadrupole magnets, an orbit correction using BPMs 2 micron maligned with respect to quadrupole 

magnets, and a 5 micron misalignment of the accelerating structures with respect to the beam are 

assumed. 

particle energy to not depend on the positions in a beam. A 2 J..lm misalignment of the quadrupole 

magnets, an orbit correction using BPMs 2 J..lm maligned with respect to the quadrupole magnets, a 

5 J..lm misalignment of the a.ccelerating structures with respect to the beam are assumed. 
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213 8.4. Energy Distribution 

In our design of the bunch compressor and pre-linacs, the initial energy spread at the beginning of 

the main linacs is estimated to be less than 2 %, including both single-bunch and multi-bunch effects. 

This spread (2 %) is acceptable, and is assumed in other simulations in this chapter. 

The energy loss due to the longitudinal wake-field was calculated based on the short-range wake

function of the accelerating structures and the longitudinal charge distribution in a bunch. This 

energy loss strongly depends on the longitudinal position in a bunch. 

In this beam-dynamics study, the long-range wake-field was not considered explicitly. All bunches are 

assumed to have exactly the same energy distribution. The bunch-to-bunch energy difference due to 

long-range wake-fields, or beam-loading, and the compensation of the difference are other important 

issues and should be studied more. 

The only free parameter that we can change to control the energy distribution is the phase of the 

RF field. To make the average beam energy gain maximum, the bunch center is on the crest of the 

RF field, defined as the zero off-rest angle. However, because the short-range wake-field decelerates 

later particles, the position-correlated energy spread becomes too large. In order to compensate for 

this, bunches should put on a slope of the RF field, or off-crest. We chose an averaged RF phase with 

respect to the bunch center of 17 degrees, making the final energy spread minimum, 0.2 % (r.m.s.). 

On the other hand, also known as "BNS damping" [14], it is better that the tail part of a bunch should 

have a slightly lower energy than the head part in order to damp coherent transverse oscillations. As 

a measure of the correlation, the "energy-z correlation" is defined as 

1 
-E jE(Z)ZP(z)dZ, (8.12) 

uzq 

where E is the averaged energy of the bunch, U z the bunch length, q the bunch charge, E{z) the 

averaged energy at the longitudinal position z and p{z) the charge density at z. It is noted that the 

r.m.s. energy spread is always larger than this value. The optimum energy-z correlation is roughly 

estimated to be 

(8.13) 

which is 0.02 in our case and approximately constant along the linac, because the beta function is 

proportional to the square root of the energy. It is not acceptable to set the RF phase to match this 

condition all along the linac, because it makes the final energy spread too large. It may be beyond 

the acceptance of the final focus system. 

It was found that it is better to set different RF phases at different beam energies. The energy-z 
correlation could be made large, based on Equation 8.13, at the low-energy part where the effect of 

the wake-field is strong; then it could be gradually reduced in the high-energy part to make the final 

energy spread small. It should also be considered that to a much change of the RF phase causes a 

loss in the energy gain from the same RF peak voltages. 

However, for simplicity's sake, we only studied cases in which the linac is divided into two parts having 

different RF phases. Keeping the final energy spread as small as 0.2 %, there are two parameters. One 

is the beam energy at which the RF phase changes. The other is the relative acceleration loss compared 
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with the case ora constant RF phase while keeping the final energy spread minimum (17 degrees off 

crest in our case). Maintaining a large energy-z in a large part of the linac leads to a larger amount 

of acceleration loss. In the case that the energy at which the RF phase change takes place is low, 

energy-z correlation becomes large only at the beginning part of the linac. In the case that the energy 

at which the RF phase changes is high, an energy-z correlation becomes large at most part of the 

linac, though the amount is small for the same acceleration loss. 

The emittance increase with an injection error and with a misalignment is estimated by tracking 

simulations of a single-bunch beam. Figures 8.7 and 8.8 show the emittance increase vs. the relative 

loss of energy gain for different energies at which the RF phase changes. In Figure 8.7 the injection 
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0.3 H-" """""""""""""""""""""""" """""""""""""."""""""""."."""" """""""""""""."".""".""""" """' """"""""""""...""."" -- .. ··1 OOGeV""""""""""".""""""".""."""."""'"""""""""...... 
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Figure 8.7: Emittance increase vs. relative loss of energy gain due to phase change, for different 

energies at which RF phase changes. Injection offset of a half of the beam size was assumed. 

offset of half of the beam size was assumed, and no other errors were included. In Figure 8.8, a 2 J..Lm 

misalignment of the quadrupole magnets is introduced, and an orbit correction was applied by using 

signals BPMs which are randomly misaligned by r .m.s. 2 J..Lm with respect to quadrupole magnets. A 

5 J..Lm (r.m.s.) misalignment of accelerating structures with respect to the beam are assumed also in 

Figure 8.8. In both cases, the initial energy spread was assumed to be 2 %. 

Figure 8.7 shows that effect of an injection error rapidly decreases,as the loss of acceleration increases 

up to about 0.5 %, beyond which it becomes" almost constant. This reduction is due to the effect 

of "BNS damping". On the other hand, Figure 8.8 shows that effect due to an alignment error 

slowly increases, as the loss of acceleration increases. This is due to a dispersive effect, because "BNS 

damping" does not help reduce the dispersive effect caused by a misalignment. 

Also, the effect of injection error and the effect of a misalignment have an opposite dependence on 

the energy at which the RF phase changes. 
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Figure 8.8: Emittance increase vs. relative loss of energy gain due to a phase change for different 

energies at which the RF phase changes. A 2 micron misalignment of the quadrupole magnets, an 

orbit correction using BPMs misaligned by 2 microns (r.m.s.) with respect to the quadrupole magnets, 

a 5 micron misalignment of the accelerating structures with respect to the beam are assumed. 

From these results, an acceleration loss of 0.5 % and an energy 150 GeV were chosen as the point at 

which to change the RF phase. For this case, the energy spread (r.m.s.) and energy-z correlation vs. 

beam energy are shown in Figure 8.9. 
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Figure 8.9: Energy spread (r.m.s.) and energy-z correlation vs. beam energy. 
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It should be noted that the present choice of phases is not necessarily optimum, because we studied 

only those cases involving two different phases. The RF phase may change many times along the linac 
during actual operation. 

8.5 Vibration and Jitter of Quadrupole Magnets 

Vibration of the quadrupole magnets cause a fluctuation in the beam trajectories and transverse 

position jitters at the interaction point, which cause a luminosity reduction. Also, strength jitters of 

the quadrupole magnets have a similar effect, because the beam will have some offset with respect to 

each field center of the magnet. 

Figure 8.10 shows the emittance increase vs. misalignment of the quadrupole magnets without any 

orbit corrections. The lower line shows the usual emittance, and the upper line shows the "effective 

emittance" with respect to the center line. These are averages from 100 seeds of random numbers. 

The upper line gives the tolerance of vibration of the quadrupole magnets, or their motion faster than 

the orbit-correction feed back. The amplitude of vibration, a Y1 should be less than 8 nm for a 25 % 
"effective emittance" increase if the motion is totally random. Figure 8.11 shows an example of an 

emittance increase along the linac in the case that the rms random misalignment of the quadrupole 

magnets is 10 nm. A typical value of an additional kick due to the offset of a quadrupole magnet is 

aOvibration = ayk, (8.14) 

where a y is the offset of the magnet and k the k-value of the magnet. 

It should be noted that the tolerance of the correlated motions over a longer range than the beta 

function will be looser. Additional effort is necessary to estimate the tolerances for realistic ground 

motions. 

The tolerance for jitters of the strength of the quadrupole magnets is related to the typical trajectory 

error, or offset of the beam with respect to the center of the quadrupole magnets, 6.y. 

A typical value of an additional kick due to an error in the field strength of a quadrupole magnet is 

aOstrength = 6.yak, (8.15) 

where ak is the error of the k-value of the magnet. 

By comparing this equation with Equation 8.14, the tolerance of strength jitters is related to the 

tolerance of vibration as 

Tolerance(ak/k) Tolerance(ay /6.y). (8.16) 

6.y is equal to the typical misalignment of the BPMs with respect to the center of the quadrupole 

magnets, because orbit corrections will be applied by using these BP~1s. We assume that it is 2/-Lm, 
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Figure 8.10: Emittance increase vs. misalignment of the quadrupole magnets without any orbit cor

rections. The lower line shows the usual emittance and the upper line shows the "effective emittance" 

with respect to the center line. These are averages from 100 seeds of random numbers. 

and that the tolerance of the relative jitters of the k-value of each magnet is estimated to be 0.005 

(this is 10 nm / 2 J.tm). 
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Figure B.11: Example of emittance increase along tbe linac in tbe case tbat tbe r.m.s. of tbe random 

misalignment of quadrupole magnets is 10 nm. No orbit corrections are applied. 

JLC Design Study, April: 1997 

o 2000 4000 

Growth of 
effective emittance 

6000 8000 10000 




2198.6. Alignment of the Quadrupole Magnets 

8.6 Alignment of the Quadrupole Magnets 

Figure 8.12 shows the emittance increase vs. misalignment of the quadrupole magnets. A 2 % initial 

energy spread, a 2 J.Lm misalignment of the BPMs with respect to the quadrupole magnets, and a 5 J.Lm 

misalignment of the accelerating structures with respect to the beam are assumed. Orbit corrections 

using steering magnets are assumed with a BPM resolution of 1 J.Lm, and it is also assumed that there 

are no other jitters source. This is an average from 100 seeds of random numbers. Figure 8.13 shows 

an example of the emittance increase along the linac in the case that the misalignment is 2 J.Lm. 
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Figure 8.12: Emittance increase vs. misalignment of the quadrupole magnets. A 2 % initial energy 

spread, a 2 micron misalignment of the BPlvIs with respect to the quadrupole magnets, and a 5 micron 

misalignment of the accelerating structures with respect to the beam are assumed. An orbit correction 

using steering magnets is assumed witl] a BPM resolution of 1 micron. This is an average from 100 

seeds of random numbers. 

It is not expected that the initial alignment accuracy will be as small as a few microns. A beam

based alignment (see later section) will be needed to preserve the small emittance. From this result 

of the tracking simulation, the acceptable random motion of the magnets from the last beam-based 

alignment is roughly estimated to be about 2 j..lm. 

In order to study techniques for a beam-based alignment of the quadrupole magnets, tracking simula

tions were performed. The initial distribution of the misalignment is assumed to be Gaussian. In the 

correction, the beam positions are measured at the BP:Nl attached to every quadrupole magnet. The 

quadrupole magnets are moved in a transverse direction to make the beam go though the center of 

the BPMs. To decide how much of a move is necessary, a transfer matrix from all of the quadrupole 

magnets to the all the BPI\1s used. It is taken into account that each BPI\1 is attached to a quadrupole 
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Figure 8.13: Example of the emittance increase along the linac in the case that the misalignment of 

the quadrupole magnet is 2 microns. A 2 percent initial energy spread, a 2 micron misalignment of 

the BPMs with respect to the quadrupole magnets, and a 5 micron misalignment of the accelerating 

structures with respect to the beam are assumed. An orbit correction using steering magnets are 

assumed with BPM resolution of 1 micron. 

magnet and moves together with the magnet. 

Figure 8.14 shows the emittance increase vs. the BPM misalignment with respect to the quadrupole 

magnet (or BPM- Quad ambiguity, how accurately we know the center of magnet). The four lines are 

for different initial misalignments of the magnets. The BPM resolution (measurement-to-measurement 

fluctuation) was assumed to be 1 Jlm. These are averages from 100 seeds of random numbers. The 
emittance increase strongly depends on the BPM-Quad ambiguity, or the accuracy of information 

concerning the magnetic field center. 

It is also shown that the initial alignment accuracy is not very important. Figures 8.15 and 8.16 

show an example of the offset of the quadrupole magnets before and after a beam-based alignment, 

respectively, in the case of an initial misalignment of 50 Jlm. These figures show the data only for the 
first 3.4 km of the main linacs. The behaviors in the rest of the linacs are very similar. 

Figures 8.17 and 8.18 show an example for the case in which the initial misalignment is 100 Jlm. The 

same random seed was used for both simulation and a 2 Jlm BPM- Quad ambiguity in both cases. 

It is noted that the final offsets are scaled with the initial offset. However, in both cases the offsets 

change slowly along the linac. This slow change dose not affect the emittance very strongly. The 

figures show the data only for the first 3.4 km of the main lina.cs. The behaviors in the rest of the 

linacs are very similar. 

The field center of the quadrupole magnets will also be determined using beams. The technique 
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Figure 8.14: Emittance increase vs. BPM misalignment with respect to the quadrupole magnet (or 

BPM- Quad ambiguity, how accurately we know the center of magnet) for different initial misalign

ments of the magnets. The BPM resolution (measurement-to-measurement fluctuation) was assumed 

to be 1 micron. These are averages from 100 seeds of random numbers. 
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Figure 8.15: Example of the offset of the quadrupole magnets before tlle beam-based alignment, in 

the case of an initial misalignment of 50 microns. 

involves a measurement of the changes of the orbit by downstream BPMs while the strength of an 

upstream quadrupole magnet is intentionally changed. It is expected that BPl\1-Quad ambiguities of 
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After applying beam-based alignment 
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Figure 8.16: Example of the offset of the quadrupole magnets after a beam-based alignment, in the 

case of an initial misalignment of 50 microns. 

Before applying beam-based alignment 

0.3 

..+ 

0.2 

++... + 

• • + 

+ "'t+++,.,t' 

:: + 

.. • .... ..E g + 

"'C ca 0.1::J 
0 

15 

C 
Q) 0.0 
E 
c: 
.!2l + + ca .. .. .CJ) -0.1 .. ..":E ++ .... .. 

+.... 
-0.2 ... 

-0.3 
o 1000 2000 3000 

s (m) 

Figure 8.17: Example of offset of quadrupole magnets before the beam-based alignment~ in the case 

of an initial misalignment of 100 microns. 

the order of a few times the BPl\:I resolution can be resolved. The BPM resolution is assumed to be 

JLC Design Study: April: 1997 



223 8.6. Alignment of the Quadrupole Magnets 
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Figure 8.18: Example of the offset of the quadrupole magnets after the beam-based alignment, in 

the case of an initial misalignment of 100 microns. 

1 J-Lm and BPM-Quad ambiguity is assumed to be 2 J-Lm in our design study. 
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224 Chapter 8. X-band Main Linacs: Beam Dynamics 

8.7 Errors of the Accelerating Structures 

To estimate the tolerance of the misalignment of the accelerating structures, tracking simulations were 

performed[3] . 

To simulate single-bunch effects, each bunch is divided into five slices and each slice has five macro

particles with different initial energies. For multi-bunch simulations without single-bunch effects, each 

bunch is treated as being rigid. 

The accelerating structures are randomly misaligned and the average of the emittance growth of 100 

seeds of random numbers is used to estimate the alignment tolerance. The tolerance depends on the 

length of an "alignment unit," which is aligned independently. Each alignment unit is assumed to 

consist of either (a) !vI structures or (b) 11M structure (M = 1,2,3, .... ). A long-scale misalignment is 

simulated in Case (a). The alignment of girders can also be simulated in this case where M structures 

are on an alignment girder and each girder is aligned independently and randomly while the structures 

are perfectly aligned on each girder. The fabrication errors of each structure are simulated in Case 

(b). Each structure is divided into M pieces and each piece is "aligned" independently. The situation 

corresponds to, for example, each structure consisting of M pieces brazed together with random errors, 

with each piece being fabricated error-free. Each slice of the beam is kicked by wake-fields at the center 

of each structure in Case (a) and at the center of each piece of the structures in Case (b). 

The transverse short-range wake-function was assumed to be a linear function. Though the shape of 

the cells changes along a structure, only averages over a structure were used for both the longitudinal 

and transverse short range wake-functions. 

The frequencies, kick factors and field distribution of the modes of the lowest 8 pass bands of the 

"detuned structure" were used to obtain the long-range transverse wake-field[15]. Because there will 

be four different types of structures and each structure has 150 cells, a total of 4800 modes are used to 

calculate the inter-bunch effect. In the case of simulations for fabrication errors (a structure is divided 

into pieces), the field distribution of each mode is assumed to be unchanged by the fabrication error. 

The wake-function is calculated for each cell of a structure. The amplitude and phase of a certain 

mode exited by a charged particle at a certain cell is proportional to the offset of the particle with 

respect to the cell center, and the coefficient is calculated from the field distribution of the mode in 

the structure. The wake-function of the cell is the summation of the coefficients of all modes. The 

wake-function is the summation of the contributions from all cells. This wake-field calculation method 

is a good approximation when the length of each structure is smaller than the beta function, which is 

the case of our main linacs. 

One-to-one trajectory steering is assumed to be always performed so that the beam centroid goes 

through the center of every focusing quadrupole magnet. Because all quadrupole magnets are per

fectly aligned in this simulation, the alignment tolerances obtained here should be regarded as being 

alignment tolerances with respect to the beam or required accuracy of a beam-based alignment of the 
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accelerating structures. 

Figure 8.19 shows the alignment tolerances for an averaged emittance growth of less than 25 % as a 

function of the alignment unit length. The lowest line shows tolerances considering both multi-bunch 

and single-bunch effects. The tolerances for a single-bunch and a multi-bunch without a single-bunch 

effect are also shown here. 
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Figure 8.19: Alignment tolerances for an averaged emittance growth of less than 25 %as a function 

o[ the alignment unit length. The calculation is for a 500 GeV linac. The lowest line shows tolerances 

considering both multi-bunch and single-bunch effects. The tolerances [or a single-bunch, and a multi

bunch without single-bunch effects are also shown. It is seen that if individual accelerating structure 

(i.e. 1.3m-long detuned structure) can be individually aligned with respect to the beam, its alignment 

tolerance is 6 JLm [or a 25 % emittance growth. 

The curves have a minimum at an alignment length of about 20 structures, or 30 m, which is about 
the betatron wavelength at the beginning of the linac; it increases with the alignment length until 
80 structures, or 160 m which is the betatron wavelength at the end of the linac. This is expected, 

because, if the beam offset from the structure center is constant, the effects of the wake-field will be 

canceled out along a betatron cycle. The single-bunch curve decreases for a short alignment length 

according to the -1/2 power up to a length of about 16 structures. This is because the effect of a 

kick by the wake-field depends only on the average offset of the beam with respect to the structure 

center over a length comparable to the beta function. However, the multi-bunch curve drops for an 
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226 Chapter 8. X-band Afain Linacs: Beam Dynamics 

alignment length less than four structures. This is because, with a misalignment between four different 

types of structures, the designed cancellation of the dipole modes of the four structures is disturbed. 

Also, with a misalignment (fabrication error) of pieces in a structure, the designed cancellation of the 

dipole modes of each structure is disturbed. Combining both the single- and multi-bunch effects, the 

single-bunch effect is dominant for a longer alignment length, and the multi-bunch effect is important 

only for pieces in each structure. 

The fabrication error, or misalignment of pieces in each structure, was also studied using a numerical 

method[l]. The curve in Figure 8.20 shows the tolerances as functions of the alignment length, and 

number of cells per piece. In this figure, the results of tracking simulations are also plotted as makers. 

The results of the numerical method agree well in the region of short pieces. 
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Figure 8.20: Tolerance of the fabrication of detuned structures for 25 % emittance growth as a 

function of the alignment length and number of cells, considering only multi-bunch effects from the 

numerical method. The curve is from the numerical method and the marks are from tracking simula

tions. 

As a conclusion, we estimated the tolerances as follows: 

• The minimum alignment tolerance is 3 /-Lm for an alignment unit length of about 30 m. 

• The tolerance for each structure is 6 /-Lm. 

• The minimum tolerance for short pieces (fabrication) is about 9 /-Lm in the case of short pieces 
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per structure. 

In the above estimations, even with fabrication errors, the wake-functions of the transverse modes are 

assumed to be unchanged. Only the transverse offset of the structure was changed. The error of each 

mode caused by machining errors and a deformation after machining will also disturb the designed 

cancellation of the dipole modes of our detuned structures. The tolerance of the mode-frequency error 

was studied by tracking simulations. Figure 8.21 shows the emittance increase vs. relative r .m.s. error 

of the mode frequencies. It was assumed that each mode has a random and independent errors. For 

the upper curve, the structures of the same type are assumed to have the same errors, simulating 

systematic errors. The lower curve shows the case of random errors. To simulate random errors, 

the wake-function of each structure is assumed to have one of 100 different sets of mode-frequency 

errors. The sets are created randomly and the selection of sets is also random. In the simulation, each 

accelerating structure is randomly misaligned with an r .m.s. of 5 j.lm, and all quadrupole magnets are 

perfectly aligned. 
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Figure 8.21: Emittance increase vs. relative r.m.s. error of tbe mode frequencies. Eacb mode bas 

random and independent errors. Tbe upper curve is for structures of tbe same type, and are assumed 
to bave tbe same errors. Tbe lower curve is for random errors. 

The tolerance for mode frequencies is roughly estimated to be 10-4 from the result. It should be noted 

that it will be necessary to study how realistic errors of machining and deformations cause frequency 
errors, and to input the information to the simulations. 
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8.8 Corrections and Feedbacks 

An orbit correction using the BPMs and steering magnets was assumed in most of the simulations 

discussed in this chapter. This correction steers the beam thorough each BPM center. The BPM 

resolution is assumed to be 1 j..tm. Because this correction is simple and fast, it will be used as a fast 

feed back. 

When the simple orbit feed-back becomes insufficient, due to a too large change in the conditions, more 

sophisticated corrections need to be performed. Several techniques have been proposed in which the 

strength of the quadrupole magnets are changed and the beam positions are measured using BPMs[5] 

(8] 	 [9] [10]. 

It should not be very difficult to achieve the required alignment by precise movers and measurements 

of the beam position relative to the structure axes using cavity-type BPMs. To improve the accu

racy of alignment measurements, some additional techniques are available. For example, it has been 

suggested [11],[4] to detect the dependence of trajectories on the bunch and current and/or bunch 

length. However, this method may have some difficulties. A more practical approach may be to use 

a combination of the following two techniques : 

1. 	Trajectory bumps or moving structures, tuned by emittance measurements with a single-bunch 

beam and 

2. 	 fast kickers for a multi-bunch[5) , tuned by bunch-by-bunch position measurements with a multi

bunch beam. The emittance and bunch-by-bunch positions will be measured at several locations 

in the linac. 

In technique 1, the beam offset with respect to the beam is intentionally produced at some short parts 

of the linac in order to compensate for the effects of the wake-field due to a misalignment of the other 

part. In method 2, the beam is kicked bunch-by-bunch, so that all bunches have the same trajectory. 

Tracking simulations of these techniques were reported in [6] and [7]. 

When the ground motion becomes too large, a re-alignment of magnets and/or accelerating structures 

will be necessary. 
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9.1 Structure Design Overview 


9.1.1 Outline of the Structure Design 

The accelerating structure should be operated stably at an accelerating gradient higher than 50 iv1V1m. 
To satisfy this requirement within a limited peak power, the shunt impedance of the accelerating mode 

should be reasonably large. For this purpose, alA is likely to be small while keeping the alignment 

tolerance not too tight against single-bunch transverse-emittance blow-up and making the length of 

the structure not too short. An alA value of 0.16 is proposed as a compromise[l]. 

In addition to the high field, the efficiency of the energy transfer from the RF to the beam within the 

structure should be sufficiently high so that the total wall-plug power is within a reasonable limit. 

For this purpose, the Q value of the structure should be as high as possible, and, thus, the shape of 

the simple disk-loaded structure was adopted. It can be further optimized by modifying the shape of 

the cell. This simple disk-loaded structure is also good for mass production. 

In return for these good features in the accelerating mode, this simple structure suffers from a severe 

transverse multi-bunch emittance growth unless some suppression mechanism is introduced. The most 

severe dipole-mode passband, which is responsible for the main part of the long range wake-field, can 

be canceled among the modes of the passband by distributing the frequencies of those modes in a 

Gaussian manner. The structure using this method is called "a detuned structure" (DS[3]) in the 

present report. 

The number of modes in a Gaussian distribution is finite. Therefore, the wake-field will re-cohere 

after a certain period. In the present design, the recurrence will take place within the period of the 

linac bunch train. Therefore, four types of structures have been designed to be interleaved in the 

lowest dipole-mode frequencies so that the recurrence will occur four times later than the period of 

the bunch train [4] . 

This cancellation mechanism needs a well-controlled distribution of frequencies of the higher modes. 

This means that the structure should have precise dimensions. To make this scheme function as 

intended, it is necessary to make the structure parts precisely, and to maintain the precision of such 

cells through the fabrication process. 

The possibilities of citing other types of structures which introduce a medium, or even heavy, damping 

scheme are also to be studied before a final decision is made concerning the structure type. The 

structures, such as the DDS[2], which is being studied at SLAC, has the merit of being capable of 

measuring the beam position through the damping port as a function of the position in the structure, 

in addition to making the recurrence amplitude less. However, the cell shape is slightly complicated 

and may require more care in machining. A heavily-damped structure (HDS) or possibly a medium

damped structure, based on the choke-mode structure[5], has also recently been started. 
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In the present report, the main focus is on the design based on the DS, because this type of structure 

has been extensively studied in recent years, while the others have been studied only briefly up to now 

by our group. A discussion concerning which type of structure, or what kind of configuration among 

the available types is the best optimized, should be made in the near future, before going into a series 

of study activities on prototype fabrication and tests for the engineering design. 

The alignment of the structure with respect to the beam is very critical for controlling the transverse 

emittance. For this purpose, the beam-position monitor should be tightly integrated in the structure 

body in the transverse position with a high precision. The active alignment of the structure on a J,im 

order is probably inevitable. Therefore, the above-mentioned BPM signal is used for correcting the 

positions of the accelerating structures. 

Typical parameters of the DS are summarized in Table 9.1. 

9.1.2 Electrical Design 

The basic parameters that characterize the detuned structure are shown in Figure 9.1. The cell period 

is determined from the choice of the 2n/3 mode. The "a" and "t" are varied along the structure in 

order to distribute the higher modes, as designed. The "b" is adjusted to make the frequency of the 

2n/3 mode at the correct operation frequency. 

t 
b 

a 

Figure 9.1: Schematic cross-sectional view of an accelerating structure. The dot-dash line indicates 

the symmetry axis. The a denotes the half iris aperture, b the cell radius size, t the iris thickness and 

d the cell period. 

Freq~ency Distribution of the Dipole Modes 

The wake-field due to the lowest passband is higher than the others by more than several times. 

Therefore, the frequencies of this band are designed to be distributed in a truncated Gaussian manner. 

However, it is not straightforward to make the frequencies of the modes as designed, due to the coupling 

between the cells. Practically, the frequencies of the periodic structure with the phase velocity being 
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Item Symbol Unit Value 

Frequency f GHz 11.424 

Operation mode 21£)3 

N umber of cells 150 

Length m 1.31 

Beam hole radius a mm 5.23 f"V 3.67 

a/).. 0.20 f"V 0.14 

< a/).. > # f"V 0.166 

Disk thickness t mm 1.2 f"V 2.4 

Group velocity vg/c 0.098 f"V 0.02 

Q value * Q 6800 f"V 6050 

Shunt impedance r/Q kfl/m 10.2 f"V 13.6 

Shunt impedance * r Mfl/m 70 f"V 82 

Filling time * Tf nsec 106.4 

Total attenuation * T 0.609 

Peak power input PIN MW 130 
Pulse length nsec 230 
Unloaded gradient ENL MV/m 73 

Loaded gradient ** ELD MV/m 58 

Repetition rate frep Hz 150 

Average power loss kW/m 2.6 

Dipole mode Qex 00 

Gaussian Sigma of 1st mode (j fdl/ fdl % 2.24 

Total distribution of 1st mode D.fd % 11.2 

Tolerance* of 1st mode < 10-4 

Cell misalignment tolerance /-tm 9 
Four-cavity misalignment tolerance /-tm 4 

Cavity misalignment tolerance t /-tm 3 

5# Weighted in a-3. . * Assuming 95% of theoretical Q value. 

* Assuming the beam on the crest of RF phase. 


t Most severe is the tolerance for the betatron wave length of 30m at the beginning of the linac. 


Table 9.1: Representative parameters of the JLC Detuned Structure. *For tolerance concerning the 

6 'th mode, see Chapter 7. 
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236 Chapter 9. X-band Main Linacs: Accelerating Structure 

the same as that of the beam are to be distributed as designed. This procedure ensures at least the 

initial damping of the wake-field. The method to distribute the frequencies physically is to vary the 

beam hole radius ("a") along the structure. 

On the other hand, the wake-field due to the 6'th passband is lower by an order of magnitude than the 

lowest, but stays longer, due to the tiny spread of the frequencies, even in the presence of a variation 

of the beam-hole radius[6]. Since this mode has a node in the z-component of the electric field, the 

thickness of the disk is varied so as to distribute the mode frequencies. 
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Figure 9.2: (A),(C): Distribution of frequencies It and 1~, the frequencies of the lowest and 6'th 
dipole modes ofeach cell synchronous to the beam as a function of the cell number. (B) ,(D): Population 
of the frequency distributions of It and 16. 

In practice, the population of the modes in the two pass-bands is designed to be distributed as a 

truncated Gaussian, as shown in Figure 9.2. The parameters, center frequencies, sigmas and full 

widths are listed in Table 9.2. 

35.8 36 36.2 36.4 36.6 36.8 

First passband 6'th passband 

Center It 15.6 GHz 16 36.3 GHz 

Sigma 0'11 0.35 GHz 0'/6 0.26 GHz 

(Relative 0'11/1t 2.24 %) (0'/6/16 0.716 %) 
Full width 6.11 1.75 GHz 6./6 0.30 GHz 

(Relative 6.11/It 11.2 %) (6./6/16 3.58 %) 

Table 9.2: Parameters that characterize the uncoupled frequency distributions of the detuned struc

ture. 
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237 9.1. Structure Design Overview 

Obtaining Beam Hole Radius a and Disk Thickness t 

In order to obtain the cell dimensions, the functional forms of the frequencies of the first and the 6'th 

passband as functions of a and t are obtained. Here, the frequency of the accelerating mode is kept 

by adjusting the cell inner radius b. The functional forms were presently deduced from a calculation 

using "TRANSVERSE-II" [7]. This code was made following "TRANSVRS" by B. Zotter and K. 

Bane [8]. It is assumed that the beam hole is fiat, which means that the beam hole is cut in a disk as 

a simple cylinder. Therefore, there is a small change compared to the actual beam hole with a round 

shape. 

Seven equi-frequency lines are plotted in Figure 9.3 in the (a, t) parameter space. These lines pass 

through cell numbers 1, 25, 50, 75, 100, 125 and 150. As the cell number increases, the lines for h shift 

from larger a to smaller a, where frequency h increases, while those of 16 shift from smaller t toward 

larger t, where frequency 16 also increases. Parameters (a, t) at the crossing points are used as the 

design values. Since the increasing order naturally follows the characteristics of the constant-gradient 

structure, but not in the reverse order, it is not practical to choose the decreasing order in frequency 

h. The increasing order of 16 is necessary to make the crossing points within a reasonable range, as 

shown in the figure. 
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Figure 9.3: Equi-frequency lines of the two modes, hand 16, in the (a, t) plane. The solid lines, h, 

are those of the modes in the lowest passband, while dashed lines, 16 are those of tile 6'th passband. 

The h is low at large a, while 16 is low at large a and small t. 

From the previous procedures, parameters (a, t) were determined as a function of the cell number (n), 
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where n is integer. In order to ensure the smoothness of the cell dimensions as a function of the cell 

number, functions a(n) and t(n) are fitted in n to obtain the actually required parameters for the 

disk, where n is half integer. The obtained parameters (a, t) as function of the cell number (n) are 

shown in Figure 9.4. 

Design Parameters of 1.3m structure ( OS) 
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Figure 9.4: Design parameters of the 150-cell detuned structure as a function of the cell number. 

The value a is the beam-hole radius and t is the disk thickness. 

Wake-field of the Transverse Mode 

Based on the above-obtained parameters, the kick factors of all the modes in the passband from the 

lowest to the 8'th were calculated using the "open-mode expansionll code; here, we call it the OM 

code [7]. The result is shown in Figure 9.5; eight pass-bands can be clearly seen. The modes in the 

first and 6'th bands are found to be distributed in a good shape. 

The resultant wake-field (WT(t)) can be calculated as the sum of all the mode, as 

all 

WT(t) = L 2 k:; sin(wmt), (9.1) 
m 

where k:; is the kick factor of mode m, and Wm is the angular frequency of mode m. 

It is worthwhile seeing how the kick factors of the severest first passband distribute. Figure 9.6 shows 

the kick factors weighted by the mode density. As shown in this figure, the Gaussian distribution is 

quite clear. 
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Kick factor versus frequency of mode 
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Figure 9.5: Calculated kick factors of the modes in the 150-cell detuned structure. The calculation 

was performed by an open-mode expansion code taking up to the 8'th mode in the cell as the base of 

the expansion. 

3 r---------~--------~--------~--------~ 
o kick I (df/dn) 

-Gaussian: 
feent = 15.65 GHz 
o=O.346GHz 

O--~----------------~------------------~14.5 	 15 15.5 16 16.5 
Frequency [GHz] 

Figure 9.6: Effective kick factors in the lowest dipole passband region calculated by an open-mode 

expansion. The circles indicate the kick factors divided by the mode spacing as a function of the mode 

frequency. The solid line shows a Gaussian fitting with the parameters shown in the box. 

Figure 9.7 shows the envelope of the wake-fields calculated by the OM code. They were obtained 

by assuming the Q values for all of the modes to be infinite. As shown in the figure, the wake-field 

re-coheres significantly in the case of one structure, as shown in (A). This can be explained by a 

detailed view of the kick factors, as shown in Figure 9.8. For a structure, the kick factors of the lowest 
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Figure 9.7: Envelope of the wake-field calculated by the open-mode expansion code for the l50-cell 
detuned structure. The upper figure shows the wake-field of one structure. The lower figure shows 

that of the four-interleaved structures. In both cases it is assumed that the Q values of all of the 

modes are infinity. 

and severest passband are spaced by about 9 MHz. Therefore, 110 nsec later, the contribution from 

almost all of the relevant modes re-cohere. If it is designed to distribute the kick factors as that shown 
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241 9.1. Structure Overview 

in the same figure, but to include all of the points, the spacing becomes 2 MHz and the recurrence 

occurs four times later, ie. about 500 nsec later, which is well beyond the bunch trains. As a result, 

the wake-field within the bunch train stays at around 1%, which is comparable to the desired level, as 

shown in Figure (B). It should be pointed out that the intrinsic Q values are considerably important in 

the later part of the wake-field. At the last part of the bunch trains, the damping due to the intrinsic 

Q value is simply estimated to be lie as a reasonable estimate of Q = 6000 for the lowest passband. 
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Figure 9.8: Calculated kick factors in the frequency region near to 15.6 GHz. The same symbols 

attribute to those of the same detuned structure among the four interleaved ones. 
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Final Determination of Parameter b 

While keeping the above-obtained (a, t) values, the beam hole is rounded by a radius of t/2. Then, the 

cell radius "b" should be tuned to make the accelerating mode correct. Since the relative frequency 

tolerance of the accelerating mode is a few times the 10-5 level, the determination of parameter "b" 

should be very accurate. 

For this purpose, the frequency of the 27r/3 accelerating mode is calculated with using a finite-element 

code, PISCES-II [9] [10], in a periodic boundary condition. The convergence of the calculation was 

proven to be within ±O.l IvlHz for the typical three cells along the structure, as shown in Figure 9.9. 

Convergence of PISCES-II 

211:/3 mode in three types of cell geometries 
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Figure 9.9: Frequency-convergence characteristics of the PISCES-II. The calculations are for three 
different cell shapes along the detuned structure as a function of the nominal size of the mesh. 

It is still not practical to design the cell dimensions based simply on the above estimation, even though 

the accuracy of the calculation is sufficiently good. This is because the fabricated cells are different 

in dimensions and shape from the design, and we do not know the difference based on the mechanical 

checking on the order of 0.1 IvlHz, or, in other words, the order of as low as O.lfLm in dimensions. 

Therefore, we decided to make three reference cells to obtain the difference of the frequency between 

the calculation and the fabricated cells. 

The 27r/3 mode frequencies of the three types of cells were measured. Three cases with 2, 5 and 

8 regular cells were measured, while sandwiched with half end cells at both ends. The measured 

frequencies were analyzed in a so-called l/N plot, as shown in Figure 9.10, where N is the number of 

the regular cells plus one. The frequency in the periodic structure can be obtained from this figure 

with a precision of ±O.l IvlHz at N ~ 00. 
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Figure 9.10: Measured frequencies versus 1/N, where N is the number of cells for the measurement 
setup. If the frequency error comes from an irregularity due to the end half cell, it is proportional 

to 1/N, because the weight of the effect is reduced inversely proportional to the stored energy at the 
end cell compared to that of the total. 

These measured frequencies were compared to those calculated. The measured values were found lower 

than those calculated by 0.5 MHz for all three cases. It was concluded that this calibration value could 

be applied for all cells along the structure. Based on the calculation, and using this calibration value, 

parameters b was finally determined. 
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Consideration of the Tolerances of the Frequencies and Dimensions 

Accelerating mode: If the accelerating-mode frequency deviates from the nominal value, the cor

responding phase error along the i'th cell is described as 

1205h 
(9.2) 

Vgi/C T' 
and the total phase slip along the structure becomes 

N 

~<I> = I: 5<Pi . (9.3) 
i=l 

The group velocity of the DB structure is shown in Figure 9.12. The corresponding integrated phase 

slip measured from the input coupler side is also shown in Figure 9.11 in the case of a +IMHz offset 

above the nominal frequency for all cells. 

Integrated phase shift from input side 
due to +1MHz frequency offset 

35~--'---~----r---~---'----~--~-' 

30 

25 

20 .. 
<3 15 

10 

5 

20 40 60 80 100 120 140 
Cell Number 

Figure 9.11: Integrated phase slip as measured from the input coupler side in the case of a +1 MHz 

offset above the nominal frequency for the case of a detuned structure. 

The average slope of this curve gives the sensitivity of the phase slip, and is 32° /structure/MHz or 

0.211°/cell/MHz. (This value corresponds to an average group velocity of vg/c = 0.0498.) 

Systematic error: The integrated phase slip along the structure becomes as large as 9.6° if there 

is a systematic error of 0.3MHz. In order to decrease the phase slip by a factor of 10, the relative 

frequency error needs to be on the order of 10-6 , which is very difficult to realize. 

A ±0.3 MHz systematic error corresponds to a temperature change of ±1.5°e. This offset can be 

corrected by controlling the temperature of the input cooling water, because this value is comparable 

to the change of the average temperature of the structure, on the order of l°e. A feedback system to 
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control the water temperature should be made based on parameters such as the difference between 

the input and output RF phase, or the monitored temperature of the structure body. 

Random error: If the error is purely random, the integrated effect is reduced by a factor of V150. 

Therefore, a random error should be less than 3.7 MHz. 

Tolerance on 2b, 2a, t: The typical dimensions used to define the shape of the cell is the cell 

diameter (2b), the beam-hole diameter (2a), and the disk thickness (t). The sensitivity of these 

dimensions to the accelerating-mode frequency is shown in Table 9.3. As shown in this table, the 

most sensitive parameters for the accelerating mode is "2b". If the deviations of all three dimensions 

occur in a random manner, the estimated error in the accelerating-mode frequency (~f) is described 

as 

(9.4) 

If the tolerance given in Table 9.3 is applied, the estimated frequency error becomes 0.34 MHz, which 

almost satisfies the above tolerance. If the cutting method, as proposed in the next section, is applied, 

the deviation of dimension "2a" should be almost the same as that of "2b". In this case, the error 

from "2b" partly cancels that from "2a", and the resultant error in frequency becomes ever smaller 

to be 0.20 :r..IHz with the same tolerance. 

Based on this estimation, we set this tolerance for the accelerating mode. They are summarized in 

Table 9.3. The consideration of the tolerances for higher modes is described in the following discussion. 

Dimension Sensitivity Unit Tolerance Unit 

from input to output 

2b -0.596 '" -0.585 :r..IIHz/J.lm ±0.5 J.lm 
2a +0.31 '" 0.21 NIHz/J.lm ±0.5 J.lm 
t +0.08", 0.15 11Hz/11m ±1 11m 

Table 9.3: Estimated tolerance of the dimensional parameters of tile JLC Detuned Structure. 

Dipole (TMII0-like) mode: Figure 9.8 that appeared earlier shows a plot of the kick-factor 

distribution near to the peak as a function of the mode frequency. The mode-frequency spacing in 

this region is 2.2 l\'IHz in the case of four interleaved structures. As for the crude estimation of the 

frequency tolerance of these modes, we can cite a value of 0.2 l\1Hz, one order of magnitude smaller 

than the mode spacing. The validity of this rough estimation should be confirmed. 
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Random error: The modes, which have a significant contribution to the wake-field, spread over a 

few tens of cells. Then, the tolerance of the random-frequency error of each cell is 

O.2MHz x J20 0.9MHz. (9.5) 

This means a relative frequency tolerance of 6 x 10-5 . This corresponds to 0.7 MHz in the tolerance 

of the accelerating-mode frequency, if we consider that the mode pattern is similar to that of the 

accelerating one. This tolerance level is looser than that of the accelerating mode stated above. 

Systematic error: The systematic error within a few tens of cells in one of the four structures 

should be less than 0.2 Iv1Hz, compared to the frequency of the same mode in another interleaved 

structure in the four structures. The 0.2MHz corresponds to a relative error of 1 x 10-5 . Such 

a relative frequency tolerance is slightly tighter than that of the accelerating mode. However, the 

tolerance in 0.2J..lm for "2b" and the systematic error should be controlled among the four interleaved 

structures. 
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Characteristics of the Accelerating Mode 

Based on the parameters of the cells along the structure, the characteristics of the accelerating mode 

were calculated. The basic parameters of the accelerating mode as a function of the cell number are 

shown in Figure 9.12. Here, the Q value is assumed to be 95% of the theoretical value at 20°C. This 

factor is considered to be a reasonable number, based on experience at KEK. If the nominal operation 

temperature is different from 20°C, the additional decrease in the Q value due to this temperature 

rise is about 2%/oC, though this decrease is not taken into into account in the present study. 

It should be noted that in the case of a choke-mode structure designed for the C-band [5], the degra

dation of the Q and R/Q values amounts to 10% and 15%, respectively, as listed in Table 9.4. This 

degradation comes from the finite amount of stored energy in the choke. 

Let us estimate the excess power for this case, compared to that of the DS case, in order to obtain 

the same accelerating field. For this purpose, we consider a constant-gradient structure (CG), which 

is cited as a reference and is equivalent to the detuned structure (DS), as in the following. The shunt 

impedance (Ro) is assumed to be the same as the average value of the DS, while total attenuation 
parameter (T) is adjusted to have the same average accelerating field with beam loading, as that of 

DS. The beam-loaded accelerating field (ENL ) is expressed as 

(9.6) 

where Po is the input power to the structure and Ls is the structure length. 


If the beam-loading field is included, the accelerating field with beam loading, (ELD ), is expressed as 


(9.7) 


where io is the average beam current (here, 0.7 A). The required power for obtaining the same beam

loaded accelerating field is given in Table 9.4. As can be seen in the table, the peak power per 

structure is the same, but the structure length (Ls) decreases by 20%, resulting in an extra power per 

unit length of about 20% to maintain the same beam-loaded accelerating field. 

In order to reduce the required RF power, and to make the structure length longer, it should be noted 
that the simple DS structure described in the present paper can be further optimized. 
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Figure 9.12: Characteristics of the accelerating mode of the detuned structure. (A): Q-value of each 
cell. Assuming a realistic value to be 95% of the ideal copper case at 2OOC. (B): Shunt impedance 

(R) while assuming the above Q-value. (C): RIQ value. (D): Group velocity (vg ) normalized by 

the velocity of light. (E): Average accelerating field in a structure, (Eacc). A nominal input power 

of 130 AiW/structure is applied. No beam loading is included. (F): Aiaximum surface field in the 

structure (.Epl Eacc) as a function of the cell number. A nominal input power of 130 M\V/structure 

is applied. The calculation assumes that the beam is absent. 
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Item Unit DS CS 

Shunt impedance Ro Mil/m 79 60A 

Degradation of Q 8Q/Qo % 0 15 

Degradation of R/Q 8(1l/Q)/(1l/Q)0 % 0 10 

Attenuation parameter T 0.609 0.569 

Structure length Ls m 1.31 1.11 

Nominal accel. field ENL lvlV/m 73.0 70.0 

Beam loaded accel. field ELD l\1V/m 60.2 60.2 

Power / structure Po 1-IW/struct. 130 133 

Power unit length 99 119 

Table 9.4: Estimation of the excess power needed to keep the beam-loaded accelerating field the same 

during the existence of a degradation in the Q value and the ll/Q value. The calculation assumes a 

constant-gradient structure. DS in the table stands for a constant-gradient structure equivalent to a 

detuned structure, while CS stands for that of a low-Q and a lOlV-R/Q structure. 
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9.1.3 Mechanical Design 

One of the greatest concerns about the mechanical design of the structure is the alignment of the cells 

along the structure. The cells are aligned by aligning the outer surface of each cell to a straight line, 

possibly by pressing the cells against a precise vee block and keeping the alignment through a bonding 

process. The alignment of the cells is assured by the good concentricity among the outer surface of 

the cell, beam-hole aperture and the cell inner cylinder. For this purpose, the cell is made by cutting 

from a copper block without re-chucking, especially for the machining of such important surfaces, so 

that the concentricity is very tightly controlled. The typical cross section of the regular cell is shown 

in Figure 9.13. The outer diameter, almost four-times larger than the electrical cell diameter, was 

chosen from the intuitive consideration on the process of stacking the cells to 1.3 m high. 

The coupler cells should also be aligned well with respect to the regular cells. Therefore, the diameter 

of the coupler cells are designed to be the same as that of the regular celL These cells are thus aligned 

at the same time as the regular cell alignment. A schematic drawing around the coupler cell is shown 

in Figure 9.14. 

y 

Figure 9.13: Schematic view of a regular cell. Four water channels are integrated. 

Tolerances in Dimensions 

Typical tolerances in dimensions are listed in Table 9.5 in addition to those in Table 9.3. 

The outer diameter is essential to obtain a straight structure, as stated above. In order to reach an 

alignment precision of one micron, the tolerance of the OD is set to be ±0.5j.Lm. 

Even if the OD is precisely machined, and all of the cells are aligned against a reference straight 

line, the present bonding method goes through the process for all of the cells to be stacked vertically 

and sitting on a plate in a furnace at a high temperature, being sustained with an axial compressing 

pressure. In this stage, the tracing line of the centers of the cells can be rather freely bent transversely 
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y y 

water channel 

Coupler cell schematic drawing 

Figure 9.14: Schematic view of the coupler cell. Water connectors are radially extruded. The 

vacuum connection port for the beam pipe can be as small as 20mm in diameter. Two wave guides 

with their height tapered down from the normal one for the rectangular wave guide to fit to the gap 

of the coupler cell are attached. In a future design, the BPM block may be directly connected to this 

coupler block. 

Dimension Unit Tolerance 

OD J.tm ±0.5 

parallelicity J.tm/80mm ±1 
concentricity J.tm 0.2 

flatness J.tm 0.3 

d J.tm ±1 

Table 9.5: Estimated tolerance (continued) of the dimensional parameters of the Detuned Structure. 

due to the imperfect parallelicity of the cells. Suppose the parallelicity is 0.1J.tm/80 mm, and that 
the direction of the inclination is the same for all of the cells. Then, the quadratic increase in the 

transverse deviation from the vertical axis becomes fairly large. In this case, the cell deviation from 

the line connecting both end cells is as large as 30J.tm/1.3 m. However, the practical amount of bending 

is much smaller than this value, because of the random direction of the inclination, by such an order 

as y'150 rv 10. In addition, the boundary condition of the end cells during the bonding process will 

make the deviation small through the force to try to keep the two end cells parallel. Based on these 

considerations, the required tolerance for parallelicity is presently set at 1 J.tm/80mm. 
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The required tolerance on the concentricity of the cell inner radius and the beam hole is set at 0.2J,Lm, 

which can be easily obtained. 

The flatness of the cells is important for reliable diffusion bonding with vacuum tightness and a good 

alignment of the cells. The presently available level of 0.3J,Lm is set as the tolerance. Within this level, 

the alignment of a structure became within 10J,Lm in one of the two prototype structures, indicating 

that this value can be a realistic tolerance. 

The error in the cell length ("d") does not very severely perturb the acceleration until the deviation 

becomes a considerable fraction of the wavelength, say 0.15 mm/1.3 m, ie. 2° /structure at 11.4GHz. 

This sets a systematic error of 1J,Lm. 

Another characteristic of the design is the integration of the water-cooling channels into the cell body. 

This is a challenge regarding vacuum tightness because many intermittent cutting is inevitable on the 

bonding surface. However, if this design works, the temperature distribution in a cell can be more 

uniform, and the fabrication process will become much simpler. This design should be studied in 

parallel with the feasibility study for the extraction of the water channels towards the outside, while 

maintaining a good alignment of the cells. 

Eliminating the water channels from inside the cell body will make the outer radius of the cell smaller, 

so that the machining area would become fairly small, and thus making the machining time much 

shorter. However, a small outer diameter might cause difficulties in the cell-aligning process before 

bonding or in the slippage of the cells during bonding. Therefore, an outer diameter of 80 mm is 

considered to be a reasonable size at present for a structure having a total length of 1.3 m. 

Since the copper material used for the structure body is soft, the structure can be easily bent with 

a fairly small external force~ -The self weight makes the structure to bend on the order of 60 J,Lms. 

Keeping this magnitude in mind, the structure body should be designed to be held tightly by pressing 

it to a rigid block, such as a vee-block. Once the structure is held tightly, it is resistive against many 

perturbations until installation, as well as against various vibrations during operation. Also it can 

be physically moved in transverse directions, driven by a fast actuator, in such cases as the position 

feedback and the beam-based alignment. 
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9.1.4 Thermal Design 


Typical thermal characteristics of copper are listed in Table 9.6 for the following discussions. 


Item Value Unit 

Density p 8.93 g/ 
Young's modulus E 1.32 x 104 kg/mm2 

Poisson ratio (j 0.343 

Heat capacitance c 0.0919 calfee / g 

Thermal conductivity K 386 W /m/oe 

Thermal coefficient a 1.65 x 10-5 

Table 9.6: Some mechanical and thermal characteristics of copper. 

Loss Distribution 

Distribution of magnetic field strength 
in a typical cell 
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Figure 9.15: Typical distribution of the magnetic field in a cell when operated in the 27r/3 mode. 

The calculation was performed using 1\JAFIA. The distance from the thick curve along the cell surface 

to the thin lines in the cell is proportional to the strength of t11e magnetic field. The power loss per 

unit area is proportional to the square of the magnetic field. 

The wall loss per unit area is proportional to the square of the magnetic field. A typical distribution 

of the magnetic field in a cell is shown in Figure 9.15, which was calculated by :tvlAFIA in the 27r/3 

mode[ll]. The partition of the wall loss in a cell into that on the disk and that on the wall at r 

maximum was calculated for the following estimation. The ratio of the loss in the disk to the total 

loss in a cell was calculated to be smoothly varying from 0.54 for the cells near to the input coupler 

to 0.59 for the cells near to the output coupler. 
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The wall-loss distribution along a structure in the case without a beam was calculated, and is shown 

in Figure 9.16. Here, the total wall loss is 3.4 kW / structure. 
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Figure 9.16: Wall loss per cell along the structure operated at a nominal input power of 130 MW, 

but without a beam. 
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Temperature Distribution in a Cell 

Since the wall loss in a cell is cooled by water running outside of the cell, the highest temperature in a 

cell is at the beam hole. Judging from the above magnetic-field distribution, the temperature rise in 

the disk can be estimated by assuming that the wall loss per unit area is constant on the flat surface 

of the disk, where the beam hole is approximated as being flat with a radius that is the same as the 

real one. In addition to this approximation, the temperature in the disk at the same radial position 

is assumed to be the same throughout the disk body. In this approximation, the disk temperature as 

a function of the radius (r) is estimated to be 

qo 2- (r2--a In(r) ) +C, (9.8)
t· K, 2 

where qo is the power loss per unit area on a disk, a and t the disk aperture and thickness, K, the 

heat-transfer constant of copper and C an integration constant. 

Based on information concerning the loss in the cells along the structure, and using the above equation, 

the temperature rise in the disk was calculated, and shown as in the middle curve of Figure 9.17. In the 

2 
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Figure 9.17: Rough estimation of the temperature rise in a cell Top: total temperature rise from 

the water channel to the disk tip. Middle: temperature rise in the disk. Bottom: temperature rise 
between the water channel and the cell outer surface. 

lowest curve in the same figure, the temperature rise from the water channel to the cell surface, (~Twc), 

is estimated to be the temperature rise from a water channel of 4 mm in radius (rw) surrounded by 

a cylinder whose outer surface is 25 mm in radius (rwc ), apart from the center of the water channel. 

All of the power is assumed to be uniformly deposited in this outer surface. Here, the temperature 

rise is simply written as 
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LlTwc(r) = 2 qd In (rwc) , (9.9)
• 7r' • K, rw 

where q is the total power loss per cell and d is the cell length. Temperature rise at the boundary 

between the copper body and the water should be included in the actual temperature rise with respect 

to the water temperature. The estimation of this temperature difference at the boundary depends on 

the surface condition, and should be evaluated experimentally. The water temperature can be set and 

controlled by monitoring a typical temperature in the structure. 

The effect of a temperature change on the accelerating mode has been estimated. Here, we approximate 

very simply that the cell is uniformly expanded due to a temperature rise of 3°C, which is estimated 

from Figure 9.17, and a temperature rise of the water by 2°C. The change of 3°C gives a 0.57 MHz 

change in frequency. This frequency shift should mainly be compensated by the temperature of the 

input water. This correction is performed by measuring the phase shift of the output RF, or even by 

simply measuring a typical temperature of the structure. 

The effect on frequency detuning for the higher modes should be estimated in addition to an analysis 

of the accelerating mode. In this case, such a deformation as a bending of the disk should be carefully 

analyzed. However, a temperature rise on the order of 1°C corresponds to a relative thermal expansion 

of copper on the order of 10-5 , and should only perturb the higher modes within a relative-frequency 

tolerance of less than 10-4 if the temperature of the four interleaved structures change in phase. 

A detailed estimation of the deformation of the cell and the structure is to be studied from now. The 

deformation not only changes the frequency, but also puts stress on the structure, or even bends the 

body. A careful thermal-distortion analysis should be performed. 

RF Load 

The RF power transmitted through the structure to outside, due both to the fed RF power and the 

beam-excited power, is absorbed in an RF dummy load made of magnetic stainless steel, which can 

be cooled by spent water from the structure. 

Cooling Water 

The heat generated in the cells is cooled by water. The total water flow rate for a structure is 
designed to be 23l/min to keep the average water temperature rise within 2°C for the case of nominal 

operation without a beam. Four pipes of 8 mm in diameter for flowing the water are located 25 mm 

from the beam axis, being equally spaced in the azimuthal angle. These channels run through the 
total structure length and come out radially at the coupler cells through a 90° deflection. The flow 

direction is reversed from a channel to the adjacent one, located at 90° in the azimuthal angle. This 

counter-flow method makes a difference in the water temperatures among the four channels in a cell. 

It becomes 4°C, which is maximum and twice the average water temperature rise existing at input 

and output coupler cells. 
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The water-flow speed is 1.9 m/sec. Assuming that each cooling channel is a simple round pipe, the 

Reynolds number (R) is vd/v, and becomes 19080; this value is in between the two estimated values 

of the minimum critical Reynolds number (2320) and that of the maximum (5 x 104
) [15]. This means 

that the flow must be in a turbulent regime. Many discontinuities due to the chamfering at all of 

junctions between the cells may help the flow to become turbulent. 

Assuming a smooth round pipe of 8 mm in diameter and 1.3 m in length, the pressure drop (~p) 

along the structure is estimated to be 

~p (9.10) 

where land d are the length and diameter of the pipe, 9 the gravitational acceleration, v the flow 

speed, 1 the density of water and .x a constant, which is estimated by a formula[15], 

1 
2 . 10glO(Re . VX) 0.8. (9.11 ) 

VX 

The pressure drop due to this simple pipe becomes less than 0.1 kg/cm2 • The pressure drop arising 

from discontinuities due to chamfering at the junction of the cells, and also the 90° bending and the 

connectors for the tube fitting at both ends, should cause the main part of the pressure drop. These 

unknown contributions should be evaluated experimentally. 

As an example, the temperature control of the water should be within ±0.3°C in order to keep the 

total phase shift along a structure less than ±3°. The practical tolerance of the temperature control 

should be evaluated based on a consideration of the beam dynamics, such as the accelerating field 

or BNS damping phase through the whole linac, including both the systematic- and random-error 

components. 

Thermal Response 

The time response of the temperature rise from no RF to nominal operation without a beam is roughly 

estimated in the following way. It is assumed that the wall loss in a cell changes by W at time t O. 

Then, the temperature rise of the structure (T) follows the equation 

Al(dT/dt) = W - TS, (9.12) 

where IvI is the heat mass of the structure and S the coefficient of heat removal by water. These 

parameters are calculated as 

M 155 JouletC, (9.13) 


S = KA/~ = 23.3 W/oC, (9.14) 


where the gradient of the temperature is assumed to be within a distance of d through area A. Here, 


we assume intuitively that A = 12 cm2 and d = 2 cm. Integration of this formula gives 

T exp ( - 1I:IS) + WIS, (9.15) 
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where M / S measures the response of the system. For the present case, this becomes 7 sec. 

JLC Design Study. April, 1997 



259 9.1. Structure Design Overview 

9.1.5 Vacuum Design 

General 

The average vacuum pressure along the main linac should be less than 10-8 Torr as for the CO

equivalent gas[2]. 

In the DS structure, we assume that the pumping of the structure is performed through the wave 

guide, the iris aperture to the coupler cell and the beam hole in the disks between the regular cells. 

If there is any pumping mechanism in the beam pipe side or running along the structure, the vacuum 

will become better than the following estimation. 

Calculation of the Vacuum Conductances 

At first, the vacuum conductances of various components were estimated using simplified analytical 

formula in a reference book [30]. The calculated vacuum conductances between the input coupler cell 

and the pumping port in the wave guide and that for the same in the output side were estimated as 

given in Table 9.7. 

Item Input side Output side 

Dimension Conductance Dimension Conductance 

mm liter/sec mm liter/sec 

iris width 9.75 7.60 

iris height 7.60 }16.3 6.36 }10.3 

iris effective thickness 2 2 

iris to taper 30 12.2 30 9.1 

taper length 48 9.86 48 8.77 

wave guide ** 100 5.88 100 5.88 

vac 22.9 . 22.9 

Total conductance C 2.18 1.87 

Table 9.7: Calculated vacuum conductance between the input or output coupler cell and the pumping 

port. * The vacuum port is equipped with 74 holes of 1.5 mm in diameter and 2.57 mm in thickness 

located at both H-planes. ** The waveguide is 10.16 mm in height and 22.86 mm in width. 

Estimation of the Pressure along the Structure 

The pressure along the structure was estimated assuming that all of the out-gas comes from the inner 

surface of the structure. The evacuation is performed by ion pumps having a pumping speed of 10 

liter /sec. The base pressure at the coupler cell can be estimated to be 

PI po(l + SIC), (9.16) 
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where Po and PI are the pressure at the ion pump and coupler cell, respectively, S is the pumping 

speed of the ion pump and 0 is the vacuum conductance from the coupler cell to the ion pump. Since 

the conductance (0) is fairly small compared to S, the pressure in the coupler cell is already more 

than a factor of 5 larger compared to that at the ion-pump head. It can be estimated to be about 

7 x 10-9 Torr, assuming a pump-head pressure (Po) of 10-9 Torr. 
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Figure 9.18: Calculated vacuum conductance as function of the cell number. 

The pressure in the cells can be calculated using a simple analytical form of the vacuum conductance 

and the out-gassing from the inner side of the cells. The beam hole is approximated to be flat with the 
same diameter as that of the actual round case. The conductance of each cell is shown in Figure 9.18, 

and the calculated pressure is shown in Figure 9.19. In this case, the out-gassing rate is assumed to be 
1 x 10-12 Torrl / sec/ cm2 . Here, the average pressure along the structure becomes 1.1 x 10-8 Torr. 

Cell Number 

Figure 9.19: Calculated pressure along the detuned structure. The step in the middle is due to the 
2calculation method and is not physical. The out-gassing rate is assumed to be 10-12 Torr l / sec/cm . 
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9.1. Structure Design Overview 

Outgassing Rate 

From the above result, it is essential to reduce the out gassing rate to less thanl0- 12 Torr 1/ sec/ cm

in order to realize the required pressure level. 

The material, itself, of a typical oxygen-free copper of class 1, such as Hitachi copper, shows the 

required out gassing rate after a moderate temperature-baking process [31]. Because the cells for 

the structure are made of such a material, the inclusion or absorption of various materials in the 

fabrication process should be suppressed well to obtain the characteristics of the material, itself. The 

greatest concern is the final cutting process, which uses a diamond tool with kerosene oil as a cutting 

fluid. This may inevitably take the kerosene oil into the surface. The amount of these effects should 

be studied experimentally. It is to be noted again that the vacuum requirement depends on the atomic 

charge number of the gas in connection to the beam dynamics. Any high-Z material should be avoided 

with great care. 

Possibility of Other Pumping Channels 

If it is impossible to reduce the out gassing rate below the above tolerable level, such an idea as 

drilling a few small holes into each cell connected between the cells and the vacuum manifold would 

be needed. This can be realized in such a design as the cells for one of the prototype structures 

(1\11), shown in Figure 9.33 of Section 9.2, though the connection for the cells to the manifold can 

be simpler. However, this still makes the fabrication of the cells complex, and should be avoided for 

mass production. 
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9.2 Structure Manufacturing 

9.2.1 Cell Fabrication 

To maintain the machining tolerances of a, b, t and d in Figure 9.20 is very important for realizing 

the electric design of an accelerating structure, as described in the previous section. From the view 

point of the thin, sub-micron skin depth of microwaves and the utilization of copper-copper diffusion 

bonding, the cells should be machined with good flatness and roughness and with the least thickness 

of the layer where the usual crystal structure of copper is considerably disturbed by defects, stress 

and chemicals, etc. due to machining. The ultra-fine machining now widely used in many engineering 

fields becomes a very essential technique. 

b 

a 

Figure 9.20: Schematic cross-sectional view of an accelerating structure. The dot-dash line indicates 

the symmetry axis. The a denotes the half iris aperture, b the cell radius size, t the iris thickness and 

d the cell period. Tllis figure is a reproduction of Figure 9.1. 

Precise machines and circumferences 

Before considering a machining study, the status of high-precision machining in Japan is surveyed. 

Firstly, a chronological advance in the accuracy of material processing is shown in Figure 9.21 [16]. 

Secondly, typical tolerances for the present-day mechanical, electrical and optical products are shown 

in Table 9.8 [16]. As can be seen in these examples, the cell machining tolerance is considered (in 

principle) to be within the present technology of high-precision machining. Keeping these situations in 

mind, a high-precision machining laboratory was made in 1993 at KEK as a key station for fabrication 

studies dedicated to the X-band accelerating structure. 

The principle of the cutting mechanism is that the cutting depth should be uniform and the tool 

shape should be exactly transfered to the work surface. For this purpose: natural diamond is the best 
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Tolerance Mechanical parts Electronics parts Optical parts 

200J-Lm Normal machine and General purpose electric Camera and telescope 

homeware parts parts (switch, motor, bodies 

connector) 

SOJ-Lm General-purpose mechani- Package (electronic parts) Camera shutter, lens holder 

cal parts (gear,thread), micromotor, transistor, (camera, microscope) 

typewriter parts, engine diode, magnetic head parts (tape recorder) 

SJ-Lm 11echanical watch parts Electric relay, resistor, Lens, prism, optical fiber 

accurate gears, threads condenser, disk memory, and connector 
machine tool bearings silicon wafer, TV color 

ball screw, rotary com mask, video head and 

presser parts, shaver cylinder 

blade 

O,SJ-Lm Ball and roller bearings Magnetic head (video Precision lens and prism 
precision drawing wire cassette recorder), optical scale, IC exposure 
flapper servo valve, magnetic scale, CCD, quartz mask (photo, x-ray), laser 
gyrobearing, air bearing, oscillator, magnetic bubble polygon mirror, x-ray 
precision die, roll thread memory, IC, magnetron, mirror, elastic detection 
die, ink jet nozzle thin film-pressure mirror 

transducer, thermal printer 

head 

O.OSJ-LD1 Block gauge, diamond IC memory, electronic video Optical flat, precision 
indenter, high-precision disk, large scale IC, Fresnel lens, optical 
XY table, high-precision microvaccum tube, diffraction grating, 
stamper and die, micro- TFT-LCD optical video disk 
tome cutter (diamond) (CD) 

O.OOSJ-Lm Ultraprecision parts VLSI, super lattice Ultraprecision diffraction 
(Snm) (plane ball, roller, (synthesis) thin film grating 
Special thread) Shape (3-D) Pattern (2-D) fineness 11irror surface roughness 
feature 

Table 9.8: Tolerance or allowable errors of products. 
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Figure 9.21: Achieved machining accuracy in the respective age. Processing error=difference be

tween the specified and processed dimensions. Machining accuracy e=systematic error td(d)+random 
error ts(30"). Accuracy in a narrow sense= systematic error or deviational error(d). Precision in a 
narrow sense random error or scattering error (30" ). Precision in a wide sense = higll accuracy. 

Standard variance = 0"2. 

material for machining an OFC copper material, because of the small tool wear and small chemical 

reaction between the tool and the material. In addition to these cutting characteristics, the cutting 

tool and the work spindle, or the tool spindle, should be precisely rotated geometrically to make 

high-precision cutting. 

Any error propagation should be carefully analyzed for the machine to reach such a tight tolerance, 
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Preparation room Machining room Inspection room 

area (m x m) 3.6 x 1.9 6.6 x 3.6 6.6 x 4.7 

cleanness class no control 10000 1000 

temperature (OC) no control 23 (±1) ± 0.2 23 (±1) ± 0.2 

Table 9.9: Specifications of rooms for a high-precision machining laboratory. The numbers in the 

parentheses are those of the long-term drift, where + is in summer and - in winter. 

especially concerning some absolute dimensions. The machining error (dE (r.m.s)) is expressed as 

follows, if each error source is independent on each other: 

dE (9.17) 

where T is the circumferential temperature, P the individual tool positioning error, D the size of the 

material under machining, M the machine deformation and R the shift in the rotation axis of the work 

spindle. The thermal expansion coefficients of copper and glass scale for tool positioning are 1.6 x 10-5 

and 8 x 10-6 , respectively. Considering the preliminary study of the machine, the positioning error 

of the tool, the difference between the specified and processed dimensions (dE) becomes on the order 

of 0.5J1m if the dT is assumed to be ±0.2°C. This error already exceeds the tolerance. In addition, 

this value does not include such errors as dP and dR, which are inherent to the machine. From 

this very rough estimation, it was found that one of the most important conditions when designing 

a high-precision engineering laboratory is to make the temperature of the room stable for machining 

and the measurement of dimensions. Another important condition is cleanness. 

Two clean rooms of constant temperature were built, one for installing two high-precision diamond 

turning machines and a milling machine, and the other for microwave and mechanical measuring 

systems. A smaller, less clean room for preparation work was attached. The specifications of the 

rooms are listed in Table 9.9. 

Two diamond turning machines and a precision milling machine were installed. Each machine is 

set in an independent booth with air flow from the top. These machines are commercially available 

CNC high-precision turning and milling machines, which are capable of producing various optical 

components through 2-axis and 3-axis simultaneous control, respectively. The bed is supported by air 

mounts to isolate the machine from any external vibrations. Figures 9.22 and 9.23 show the precise 

turning lathe and milling machine installed at KEK. Table 9.10 shows the major specifications of the 
machines. 

A work spindle is especially made of super invar and rotates while being sustained by a hydro-static 

air bearing. The heat from the servo motors is removed by circulating temperature-controlled water 

in order to prevent any change in the temperature distribution in the machine. The unbalance of the 

spindle caused by the attached vacuum chuck was measured, and then corrected. 
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Figure 9.22: One of the precise lathes installed at KEK. 

Figure 9.23: Precise milling machine installed at KEK. 

Cell Machining 

A schematic drawing of the regular cell is shown in Figure 9.24. This shape is common for all of the 

cells used for detuned structures. 

Regular cells are machined according to the following procedure: 

1. Slicing a round plate from a O.5m-long copper bar of ¢82 mm in diameter. 
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:Machine type Units Turning machine Turning machine :Milling machine 

Nihon Seiki Lab. Toshiba machine Co. Riken Seiko Co. 

l'vlax workpiece diameter(mm) mm 1> 100 1> 100 150x200 

Work spindle revolution speed# r.p.m. 300-3000 300-3000 200-8000 

X-axis stroke mm 150 150 200 

Y-axis stroke mm 150 

Z-axis stroke mm 100 100 100 

Positioning resolution J-lm 0.1 t 0.01 t 0.1 :I: 

J-lm 0.2 0.1 <1 

t in (X,Z) :I: in (X,Y,Z) # all air spindle 

Table 9.10: Three machines installed at KEK. 

Figure 9.24: Schematic drawing for the regular cell. The shape for the detuned structure is essentially 

the same. OD is 80mm and d 8. 7474mm. In the middle of the beam hole, the shape is flat in the 

cross-sectional view. This is to make sure that the connection from the curved section to this flat, 

O.2mm-long section can be with a finite angle so tllat tbe burrs etc. can be minimized. 

2. 	 Cutting with oversize dimensions by 100J-lm using ordinal CNC turning machines. 

3. Drilling water-channel holes. 

4. 	 Annealing in a vacuum at 500°C for 1 hour. 

5. 	 Hand lapping of one side. 

6. 	 Cutting with oversize dimensions by 50J-lm using a turning lathe in the high-precision machining 

lab. 

7. 	 Annealing in a vacuum (500°C for 1 hour). 
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Figure 9.25: Schematic drawing for the disk for a detuned structure. 
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Figure 9.26: Schematic drawing of a coupler cell for a detuned structure. 

8. Test cut a similar dummy cell targeting the same outer diameter and compare the OD with the 

reference cell. 

9. Based on the above comparison, adjust the tool positioning if necessary. 
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Type Resolution11easurenaent itena Conapany 

Surface interferonaeter Zygo 11ark-II 0.01 J.Lna/ </> 100 nana 

Roundness tester Tokyo Seinaitu 0.05 J.Lna/ </>100 nana 

Roughness Rank Taylor Hobson Inc. Talystep vertical 0.5 nna 

horizontal 0.2 J.Lna 

CCD canaera Keyense naagnification x 1000 

resolution 1J.Lna 

Gap distance A.D.E. 11icrosense 0.03 J.Lna 

Table 9.11: Specifications of the measuring machines commercially obtained at KEK. 

10. Final turning. 

11. Frequency checking using the choke naode set up (Figure 9.42). 

In the procedure of cell naachining, flatness is very inaportant for achieving good diffusion bonding. 

Therefore, the heat-treatnaent process is perfornaed twice in order to elinainate any stress acquired 

when the cell is roughly naachined. The flatness of a roughly naachined cell is on the order of 1J.Lna 

for 80nana in dianaeter. This flatness is corrected by hand-lapping on an optical flat. The shape of 

the vacuuna chuck has been carefully designed, because even a lapped surface is not sufficiently flat 

for the following naachining. After various trials, the defornaation of the cells due to vacuuna chucking 

was reduced by using a chuck where the contact area was reduced by only keeping the groove at the 

outer naost circle. 

While cutting cells, the operator is outside of the constant-tenaperature booth. However, the tena

perature of the cell on the naachine changes due to the exposure of the cell to the cutting oil. This 

was studied. The tool-positioning error due to the warnaing-up tinae of the turning naachine was also 

studied. By carefully checking the tenaperature of the cells and naaking a' conaparison of the OD's, 

these tenaperature effects can be practically conapensated. 

A schenaatic drawing of the coupler cell is shown in Figure 9.26. 11achining of coupler-cells requires 

alnaost the sanae procedure as that of regular cell processing, except for the iris region. The iris is 

machined by using a nailling naachine with an artificial dianaond tool. The use of an artificial dianaond 

is due to the long tool needed to naeet the height of the wave guide and the associated expensive cost 

when applying a natural dianaond there. 

Dimension measurement 

In order to verify the naachining accuracy~ non-contacting instrunaents for naeasuring the dinaensions 

(a, b, d and OD) of the naachined cells have been developed. A picture of the field-enaission ultra

naicronaeter is shown in Figure 9.27. The specifications of the naeasuring naachines conanaercially 
available are given in Table 9.11. 
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The d is simply measured by setting the cell on and removing it from the flat base and comparing the 

height with and without the cell by measuring the height by a Microsense. 

The OD is measured as follows: First the cell is moved between two Microsenses facing each other, 

and the sum of the two gaps between the cell and the Microsenses is measured. Then, the same 

measurement is performed for a reference cell. The difference of the two measurements becomes the 

relative measurement of 0 D. 

On the other hand, the inner diameter, such as a and b, is measured by moving a small metallic 

ball inside the cell. By applying several volts between the ball and the cell the field-emission current 

between them can be detected when they almost touch. The maximum position is recorded for both 

sides of the cell. The difference of the recorded values plus the diameter of the ball becomes the inner 

diameter of the cell. The dimension of the ball is calibrated by measuring the length of the known 

precision block gauges using the same system. The typical resolution of this kind of tool, which is 

called "Field Emission Ultlramicrometer" [17], is 10 nm. The accuracy of the system is limited by the 

accuracy of the block gauges, and is about ±0.2J.lm. 

Figure 9.27: Field-emission micrometer developed at KEK with a metallic ball sensor in a cell to 
measure ''2a'' and ''2b''. The "OD" is measured with two microsenses facing each other. The cell 

length ("d") is measured with a microsense facing downward. 

For studying the surface quality, a surface interferometer, a roundness tester and a roughness mea

suring machine were used. These machines are commercially available, and are listed in Table 9.11. 

The width of the irises is measured by using a milling machine. A high-resolution CCD camera is 

attached to the head and optically determines the position in the (X,Y) plane. This measurement is 

also used for determining the diameter of the tool. 
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Confirmation of Machining Method 

The diameter (OD) is the dimension used as a reference which determines the tool positioning, In 

this sense, it is the key parameter for the dimension control in machining. The dependence of OD on 

the temperature during machining has been tested. Figure 9.28 shows the measured relation between 

24.2 24.4 24.6 24.8 25 25.2 25.4 25.6 25.8 

Temperature just after machining (deg,) 

Figure 9.28: lvIeasured OD versus the temperature of the cell just after machining. The solid line 

shows the thermal-expansion coefficient of copper. Note: The data were taken during an early stage 

of the machining study. Therefore, the points largely deviated from the line are believed to be due to 

some other effects than the thermal expansion of the cell, itself. Such effects were controlled in the 

actual machining stage, as is described by the examples shown in the present paper. 

the temperature and the OD's of the machined cells. The error includes the machining errors and 

tool-positioning error. Even if there are some exceptions, a monotonic decrease as a function of 

the cell temperature can be clearly seen. The average slope of -1.3Jlm;oC is just the same as the 

thermal-expansion coefficient of copper. This effect can be corrected in advance by estimating the 

temperature of the cells under machining if the cause has a slowly varying origin, such as the variation 

in the ambient temperature change within one day. 

In order to prove the reliability of the accurate relative movement of the turning machine, four cells 

were machined while varying the 2b dimension in O.lJlm steps. The 2b of these cells was measured using 

the field-emission micrometer, and the frequencies of these cells were also measured using a network 

analyzer and the set up shown in Figure 9.42 (to be discussed more in later sections). The results are 

given in Figure 9.29. From the relationship of these measured values, the relative controllability of 2b 

in the system was found to be about ±O.lJlm. 

Several hundred cells were machined using one of the two turning machines, and the error character-
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Figure 9.29: Frequency change due to a change of "2b". The cutting was performed to vary only 

dimension "2b" in O.1J-lm steps. The data were found to be consistent with a sensitivity of df/d2b=

O.6MHz/J-lm. 

Turning machine Nihon Seiki Lab. Co. 
Spindle revolution freq. (r.p.m) 1400 

Feed speed (mm / min) 11.2 

Cutting tool natural single crystal diamond (R=O.4mm) 

Cutting oil temperature controlled pure kerosene 

Material OFC HITACHI class 1 

Pre-treatment 500°C 1hour stress release 

Thble 9.12: Conditions of test machining. 

istics of the machining using the machine was investigated. The test-machining conditions are listed 

in Table 9.12, and the results are listed in Table 9.13. All of the tolerances were cleared, except for 

the flatness. The flatness is possibly affected by such issues of the machining configuration as the 

material stability against stress release, the effects of the hole at the center of the cell and so on. 
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Units Tolerance Obtained 

Surface roughness Rmax /-Lm 0.02 0.03 

Flatness over ¢>80 mm /-Lm 0.1 0.3(mean average) 

Roundness /-Lm <0.1 0.1 

Absolute dimension at ¢>20 mm /-Lm <0.2 0.4(mean average) 

Relative error in OD(¢>80 mm) /-Lm <0.5 ±0.5 

'DIble 9.13: Results of the test machining of cells. 
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Cell fabrication for a 30cm constant-impedance structure 

In order to establish the basic machining technologies in cell machining and to study the bonding 

characteristics, three 30cm-Iong accelerating structures were fabricated. Figure 9.30 shows a schematic 

drawing of the structure. The structure consists of 32 regular cells, a disk, an input and an output 

coupler cell with two taper wave guides, two beam holes and four cooling channels. 

Coupler cell II Disk" Coupler cell 
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Figure 9.30: Drawing of a constant-impedance accelerating structure with a 30 cm length. 

Schematic drawings of the regular cell, the coupler cell and the disk are shown in Figures 9.24, 9.25 

and 9.26. 

As shown in Figure 9.30, disk in the middle is necessary for reverting the direction of the regular cell 

in the z-direction so that the same type of coupler can be adopted. 

In one of three structures, the outer diameters and the cell frequencies of all of the cells were measured. 

The results are shown in the histogram in Figure 9.31. The full width of on was ±0.6jLm and the full 

width of the frequency was ±0.2 MHz. The characteristics of the machining for the other structures 

showed almost the same machining-error distribution. From these cell fabrications, it was found that 

the most important issue in machining is the thermal stiffness of the machine. 
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Figure 9.31: Histogram of (A): outer diameter of cells and (B): frequencies of cells. 
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Cell fabrication for 1.3 m DS structures, (M2 and IHl) 

A schematic view of a 1.3 m detuned structure is shown in Figure 9.32. The structure mainly consists 

of 148 regular cells, one disk and an input and output coupler. Each cell in a structure has a different 

dimension of "a" ," b" and "t". Based on the procedure that was established in the fabrication of the 

30 cm structures, three full-size structures were machined. The cutting conditions were the same as 

that for the 30cm structures, except for that the dimension of the cell was different from cell to cell. 

A system has been developed where a computer supplies all the information necessary for each cell. 

Rough machining with the 100 J.lm over-sized dimensions was performed utilizing an ordinary ma

chining center; a batch of 50 regular cells were mounted on a working table of the machining center. 

Then, these cells were machined one after the other. 

The final machining accuracy can be seen indirectly in Figures 9.49 and 9.50 of Section 9.3. From 

Figure 9.49, the deviation in the frequency of the 2b-sensitive measurement can be observed; the shape 

of deviation is like a sine wave as a function of the cell number. Since almost all of the cells were 

machined in the order of cell number, the deviation pattern shows a daily variation throughout several 

days. Cell machining is interrupted during the night, and then every morning much time should be 

devoted for the idling of the machine and setting the tool position again. From time to time, during 

the machining in one day, outer diameter of the newly machined cell was measured. This value was 

used to compensate the change of the cell size and machine distortions arising from the temperature 

change. As a result of machining, uncontrollable dimension were about ±0.5 J.lm by using present 

turning machine and present environment conditions. 

Cell Fabrication for 1.3m DS with Shallow Channels, (Ml) 

Before making the above DS structures, a full-size structure, called M1, with the regular cells shown 

in Figure 9.33 was fabricated. As shown in the figure, the cell has four coupling slits for higher 

modes connected to the four independent manifolds. This type of structure gave us some experience 

concerning the machining of the slots. The iris facing the cell is cut in a J.lm tolerance to keep the 

accelerating mode frequency under controL This shape can be applied to the DS if the vacuum level is 

poor in the simple DS and additional pumping channels are needed. Through the production of these 

cells, it was studied how to adjust the position of the slots with respect to the cell. This technique is 

applied in a straightforward way to the machining of the DDS cells mentioned below. 

Cell fabrication for DDS for SLAC 

Under the collaboration between KEK and SLAC, an opportunity to conduct fabrication studies for 

the DDS structure was presented. KEK has made two DDS structures for SLAC. Figure 9.34 shows 

a schematic drawing of the cells for the DDS structure. The most essential difference from that of 

the DS is that there are four radial slots which meet the accelerating cell. Required the machining 

tolerance of the slots was relatively relaxed at ±20 J.lm. 

JLC Design Study, April, 1997 



277 9.2. Structure Manufacturing 

Figure 9.32: Configuration of 1.3m detuned structures, 'M2' and 'IH1 '. 

The milling of the four slots was performed after rough machining and a heat treatment at 500°C 

for one hour. A horizontal-type CNC milling machine was used with a turn table which mounted a 

hexagonal block. Six palettes were attached to each six surfaces. On each palette 12 cells were set. 

Because the slots of each cell have different dimensions from cell to cell, a personal computer was 
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Figure 9.33: Schematic drawing of the regular cell for "M1". 
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Figure 9.34: Schematic drawing of the DDS cell. 

utilized for automatically generating the machining data. Figure 9.35 shows a conceptual drawing of 

such equipment. 

Through the machining of two DDS structures at KEK, it was found that a fairly large amount of burrs 

remained at the edge of the slots. Since there is a possibility for them to drop into the accelerating 

cavity, it is necessary to remove all of the burrs before bonding. At KEK, the burrs were initially 

remove by hand using a knife. However, a plastic deformation around the slots was formed. It is not 

good for such processes as stacking and bonding. 
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turn table 

--0---
I 

palette loaded with cells 
/ I 

Figure 9.35: Conceptual drawing of the slot-machining technique for the DDS cells. 

Condition Chemical polishing Electrical polishing Water jet 

Reaction fluid Top Gruppe Cu8-M t chromic acid anhydride 115 9/ I pure water 

phosphoric acid 22% phosphoric acid 724 ml/ I 

water 232 ml/ I 

Current density 350 mA/cm2 

Processing time 4 minutes 4 minutes 2 minutes 

Pressure 75 Kg/cm2 

Etching deptht 10 J-Lm 10 J-Lm 

t Commercial name supplied by Okuno Drug Co. 

t Measured experimentally. 

Table 9.14: Various processing methods studied for removing burrs. 

Three methods have been studied to remove burrs: chemical polishing (CP), electrical polishing (EP) 

and mechanical removing by using a water jet (WJ). The test conditions are listed in Table 9.14. In 

the cases of the CP and EP, some of the burrs still remained. In addition, many etching pits were 

generated. These two chemical process were found not to be suitable for burr removaL 

On the other hand, high-pressure water-rinsing removed the burrs almost completely. Figure 9.36 

shows a conceptual drawing of water-jet processing. This system was originally built for super con

ducting cavities. The surfaces of the cells were covered by masking with a film except for the burr 

region, in order to protect the other surfaces than that of the area of the burrs. This pure water jet is 

not only effective for removing burrs, but is also good for surface cleaning of cells[19]. The exposure 
point to a water jet should be controlled this time by hand. 
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Figure 9.36: Water-jet processing to remove burrs. 
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9.2.2 Design consideration for the mass production of cells 

The technique of cell fabrication for an X-band accelerating structure has already proved to be at 

a realistic level to meet the present machining tolerances. Beyond the currently studied fabrication 

programs, the important items to be further developed are such as "quality control" and "cost re

duction". To realize these, a completely automated factory for the final machining of cells should be 

built. Therefore, it is necessary to develop some new techniques, as follows: 

• Auto-loading techniques in each process of cells. 

• On-machine measurement of the required dimensions. 

• Diagnostic system for diamond tool conditions. 

In such a factory, a number of high-precision diamond-turning machines are needed. Therefore, such 

developments as 

• Inexpensive CNC 

• A small diamond turning machine dedicated to cell machining 

should be developed. 

Let us consider the requirements for the cutting speed. The number of cells necessary for 7000 

structures at Ecm =500Ge V is more than 1 million. 'Suppose that this number of cells must be machined 

within 3 years. If we assume 250 working days per year, the number of cells to be machined in one 

day amounts to 1400, or 1 cell/minute. 

On the other hand, the present machining time for the final machining of a cell is about 35 minutes, 

including the time for chucking, concentricity adjustment and re-chucking. It also includes a fairly 

large amount of the positioning time of the diamond tool on the slide table due to the present poor 

servo system for positioning. If a linear movement guided by double V-grooves with a hydro-static 

bearing or a needle bearing is applied, the tool-positioning time can be extremely reduced. In the 

present turning machine one minute is needed as the tool-positioning time every time the direction of 

the movement is changed. 

Another factor is the cutting speed. The theoretical limitation of the cutting speed for the copper 

material is 100rv200 m/sec. Although the present work spindle rotates at 2800 r.p.m. the revolution 
speed of 3500 r.p.m. is considered to be reasonable for the current spindle technique. If this high 
speed rotation is adopted and the feed speed of the cutting tool is chosen to be 34 mm/min, the time 

and cost will be greatly reduced compared to the present condition. Here, the theoretical roughness 

is still kept at an peak-to-valley value of 30 nm. 

In this case, the net cutting time of one cell can be reduced down to 10 minutes. If an auto-loading 

system and auto alignment of the cell on the vacuum chucking is developed, the total time for a cell 
is estimated to be 15 minutes. 
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Since 15 cells should be made in one minute, the number of high-precision diamond turning machines 

should be 15. A few spare machines will be needed, estimating a working efficiency of 85% in one day. 

The loss time is for the tool-exchanging time, cleaning time on the vacuum chuck and so on. A few 

milling machines should also be installed. 

The rough and medium machining of the cells are not technically critical, because ordinary CNC 

turning machines already satisfy the required machining accuracy. Thus, many companies worldwide 

can perform the task within a fairly short time, inexpensively. 

Finally, but not the least, the initial shaping of the OFC copper material should be discussed. The 

original shape of the copper material usually supplied at present is a bar or sheet. A bar has an 

advantage that the stress and strain distribution are in the radius direction. However, the slicing 

process is not a reasonable technique for mass production due to the following reasons. The present 

method of slicing is sawing. It takes much time and the cut surface has a low quality, especially 

regarding flatness. Therefore, a fast slicing technique which makes a flat surface should be developed. 

On the contrary, the shaping of the cell from a sheet material by a stamping method might be a quick 

and good method for later precise machining. 

However, a shaping from a sheet has disadvantages concerning the stress and strain distributions, 

which are not in a radial direction. When shaping a sheet from an ingot of copper material, the 

material should be extruded several times through rolls. The orientation of the stress and strain is 

determined by the rolling process. Therefore, there is a possibility of uncontrollable deformation to 

remain due to the rolling process, even after the final machining of the cell. Considering these issues, 

the machining of the cells from a sheet material should be studied. A press-shaping technique has 

already been briefly studied. Although it seems to be very hopeful, the pros and cons of this processing 

are not yet clear. Therefore, the technique should also be studied. 

9.2.3 Cell-handling and -cleaning Process 

The machining oil should be removed before the subsequent process. Especially before the bonding 

process, the surface should be cleaned to realize the copper-to-copper contact as easily as possible. 

Chemical cleaning using a weak acid, for example rinsing in a bath of 3% H2S04, is used at present. 

The cleanness in the drying process is important, after such a chemical wet process to make it dust 

free. The dependence or tolerance of the cleanness on the performance of bonding and vacuum 
characteristics should be studied quantitatively, before going into mass production. 

Since the outer diameter is used for a precise alignment of the cells, the surface should be preserved 

well. The automated process is inevitable not to introduce scratches and bumps, which would result 

in a bonding failure. 
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9.2.4 Structure Assembly 

Cell Stacking 

It is possible to make a Vee-block with a straightness of a few J-Lm over a 2m length. The possible 

deviation from a straight line is usually a smooth function. If the cells can be aligned with respect to 

this V-block and if the cell-to-cell slippage during the bonding process is not significantly large, the 

structure becomes straight, or can be straightened at the last step of fabrication, or even during the 

alignment after installation. Considering these points, the present stacking is performed by pushing 

the cells against a Vee-block. 

Two stacking methods have been tried for studying the stacking technique; one stacking vertically 

and the other horizontally. These were applied for the two structures, M2 and IHI, described in 

the following section. The vertical stacking method is shown schematically in Figure 9.37, while the 

horizontal one is shown in Figure 9.38. 

The Vee-block was placed on a precise granite plate in a horizontal stacking method. The granite 

plane and one of the side walls of the Vee-block was used to make a reference line to measure the 

alignment of the stacking. 

It is very important to measure the alignment of the cells along the structure in order to study 

the feasibility of these alignment techniques. However, the present level of measurement needs an 

improvement, because the measurement reproducibility and the accuracy were limited as follows: 

• reproducibility ± 0.5 J-Lm 

• accuracy ± several J-Lm or more. 

These should be improved by a factor of 2",-,3, especially the latter (the accuracy). A better alignment 

mechanism should be developed for improved alignment accuracies. For this work, it is highly desirable 

to build an additional few more test structures. 

Cell Moving and Setting in a Furnace 

After stacking, the assembly should be moved to a furnace where a high-temperature bonding process 

takes place. The stacked cells are held with some moderate axial pressure, so that the slippage of 
individual cells during subsequent works is avoided. 

9.2.5 Bonding 

It is very essential to maintain the design distribution of the dipole-mode frequencies of the detuned 

structure. The cells can be accurately machined as described in the previous section. Then, they are 
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Figure 9.37: System for the vertical stacking of the cells for 'M1' and 'M2'. The cells are aligned 

against a vertical vee-block. The alignment of the cells is measured by two microsenses set on a plate 

which runs along the two air slides. After stacking, the cells are axially pushed by an air bag. Then, 

the vee-block is tilted away from the cells and the cell assembly is hung up. 

to be bonded to form a vacuum-tight RF structure. This process usually requires a high-temperature 

process, so that the frequency distribution can easily be perturbed unless the process is carefully 

controlled. 

In the early stage of the study, our usual silver-brazing technique, BAg-8 at slightly above 800°C, 
was studied in order to investigate whether brazing is feasible or not. From a series of test brazing 
operations of a few to several cells, it was concluded that the brazing technique which we had in our 

hands then did not satisfy the requirements for the DS[18]. Some of the potential difficulties of the 

brazing method are discussed below: 

• Gap or groove for the brazing material, sheet or wire, makes the deformation large. 

• Brazing material may run into the cell. 

• There needs to be a procedure for setting the brazing material. 
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Horizontal Stacking 

Figure 9.38: System of the horizontal stacking of the cells for 'IHI '. The cells are aligned on the 

horizontal vee-block. The alignment of the cells is measured by a microsense guided along the two 
surfaces in the vee-block and the granite plate. After stacking, the cells are axially pushed by ceramic 

springs. Then, on the base of the furnace, the cells are rotated with the vee-block to almost the 

vertical position. and extracted up from the vee-block. The assembly is hung up in the furnace. 

• It should pass the liquid phase, which might make the cells floating and slipping. 

• A very smooth surface may not be good for reliable brazing. 

To overcome all of these points, direct diffusion bonding between the flat surfaces became a reasonable 

research direction. 

To study the feasibility of this technique, a series of bonding tests were performed. Bonding parame

ters, such as the temperature, contact pressure, surface flatness, surface cleanness and period at high 

temperature, were considered to be important. 

Consider that two copper bodies contact each other. If the facing surfaces are flat on the atomic order, 

and if the surfaces are neither oxidized nor contaminated with some other chemicals, the two surfaces 
naturally disappear as soon as the distance between them becomes within the Van der Waals force, 

resulting in an almost perfect bonding of the two bodies. It should be noted, however, that the actual 

copper material is polycrystal. Therefore, the directions of the crystal axes change from crystal to 

crystal between the bonding surface. In this sense, many defects concentrate over the bonded surface. 

The bonding cannot be practical without removing those defects. 
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More seriously, the actual surface of the machined cell is oxidized in addition to having the surface 

contaminations and many defects. This oxidized layer will become disintegrated by making the tem

perature high and the surrounded vacuum level low. The latter method is not very adequate after 

stacking, because the vacuum conductance through the gap between the two cells is very small. How

ever, the oxidized copper disintegrates and the dissociated oxygen at the surface migrates into the 

copper body. This mechanism makes it possible to make a copper-to-copper diffusion bonding. 

If some diffusion process starts from contacting points, which are scattered on the two surfaces, the 

external axial pressure makes the plastic deformation of the non perfect flat surface. High temperature 

and high pressure are expected to promote diffusion. However, they tend to induce deformation of the 

cells during the bonding process. Flatter surface makes the bonding quicker and with less deformation. 

Clean surfaces make the copper atoms easier to diffuse into the other side. 
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Figure 9.39: Evidence for the diffusion of gold atoms into a copper material through a 890°C 

30 min diffusion process between a copper surface and a gold-evaporated copper surface. The original 

thickness of the gold film on the copper body was 5/-Lm. The scanning was performed by an X-ray 

micro analyzer EPMA at an electron energy of 20 k V. The beam spot size is a few /-Lm. The upper 

and lower curves show the signal counts for copper and gold atoms, respectively (arbitrary scale). 

Such a plating as gold or silver is preferred for the dissociation of the oxygen atoms from the surface if 

the free energy of the chemical reaction is considered. However, as stated above, it was finally found 

that the copper-to-copper direct diffusion bonding works fairly welL As a byproduct of the early 

studies on the diffusion bonding between gold-plated copper surfaces, an evidence of mutual diffusion 

of atoms crossing the junction was observed. An evidence of the diffusion of gold atoms into the both 

copper body is clearly seen in the X-ray micro analysis shown in Figure 9.39. The diffusion proceeded 

symmetrically into both sides, even though the gold film originally existed on only one of the two 

copper surfaces. The amount of diffusion was found to be roughly consistent to that expected from 
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the diffusion length (x{m)), as in the following formula: 

(9.18) 


where Do is the diffusion constant (3.1 x 10-6 m2 /sec), E the activation energy (1.8 eV), T the absolute 

temperature, k the Boltzmann constant and t the period at a high temperature in seconds. The 

estimated diffusion length as a function of the period at a high temperature is shown in Figure 9.40. 
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Figure 9.40: Estimation of the diffusion length in 10 minutes. The estimation was performed by 

equation 9.18. 

The bonding temperature was chosen, temporally, based on the following consideration. 

Generally, if the flatness of the cells is in the range of a few tenths of a micron in our usual cell

machining quality, the diffusion bonding at the temperature of 700°C or higher is required to achieve 

reliable vacuum tightness. 

However, a higher temperature results in a larger deformation; thus, for a smaller deformation a lower 

temperature is preferred. 

The example shown in Figure 9.41 shows the case where the bonding was done at 750°C. The observed 
deformation was on the order of a few tenths of one MHz, This deformation is much smaller than in 
the cases of bonding at 800",900°C or higher, which usually, results a frequency change on the order 

of a half to one MHz. 

However, it should be noted that the machining of the cells for the structure of Figure 9.41 was 

carefully performed, the cell flatness was better than 0.5j.Lm and the surface roughness was better 

than that in our more typical cases of 0.05j.Lm. Thus, we cannot exclude the possibility that this good 

cell quality is mainly responsible for the good result. 
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Frequency change due to Cu~Cu bonding 

at 750deg, 1 hour, 2g/mm2 in H furnace 
21 

Frequency of TM010 & Dipole passbands [GHz] 

Figure 9.41: Change of frequencies in a 5-cell stack due to diffusion bonding at 75Cf'C, 1 hour. The 

data lower than 12GHz are those are for the modes in the TM110 passband. Those from 15 to 20 

GHz are those of the modes in the first and second dipole pass-bands. 

In short, we have not yet established a solid set of preferred parameters at present for cases with 

temperatures lower than 800°C. Through a series of bonding experience on short accelerating-structure 

models, we set what we conceive is a reasonable temperature of the diffusion bonding at 8001"V900°C. 

Based on this temperature parameter, three full-scale prototypes have been built. However, still, it 

may be possible to lower the bonding temperature, so that the deformation due to the bonding will 

become still lower. This is one of the near-future study items. 
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9.2.6 Electrical Checking during Manufacturing 

It is important to check the characteristics of the parts or assemblies in several stages of the fabrication. 

This is so as to ensure that fatal problems during the manufacturing process would not stay undetected 

until much later stages of work. 

The first check-up is the "individual-cell checking" of the machined cells, because their quality, es

pecially in their precision in dimensions, is essential to obtain a high-precision structure through the 

following processes. 

The cells are stacked then on a straight vee with a moderate axial pressure. This assembly can be 

checked using such devices as plunger or bead. This measurement gives us the information on the 

quality of the assembling in addition to the individual-cell characteristics. The assembled cells can be 

checked right before the bonding, and the assembly can also be checked after bonding in just the same 

way. Therefore, the study on the bonding-related process can be studied in detail. The measurement 

with bead is good in the sense that the perturbation on the electrical properties is small comparing to 

that by plunger, where complete detuning in necessary for the cell with a plunger. The measurement 

with bead has not been studied experimentally at KEK but will be tried from the next structure 

fabrication. The measurement with plunger is preferred in some study cases, especially in the studies 

of individual cells or individual modes trapped in the mid-structure. 

Final checking of the structure as a whole is performed by measuring the S-parameter from the input 

coupler to the output. These tools are described below in detail. 

Individual Cell Checking 

The cells just after being machined should be checked electrically for the purpose of confirming the 

machining and excluding any cells with defects due to mis-operation in machining. 

II 

(a) (b) 

Figure 9.42: Schematic cross-section views of the choke stand that is used to measure the charac

teristic frequency of individual cells. 

Since the greatest interest is in the accuracy of the accelerating mode, the mode with a similar field 

pattern as that of the accelerating mode should be measured. A choke stand, as shown in Figure 9.42, 

is used for this purpose. In this stand, the measurement in set-up (b) is mainly sensitive to parameter 

JLC Design Study, April: 1997 



290 Chapter 9. X-band lVIain Linacs: Accelerating Structure 

"b" , where that in (a) is sensitive to "a". The measured cell sits on three Teflon posts outside of the 

choke structure, and there is no metal-to-metal contact between the test stand and the cell, keeping 

a gap of 0.5 mm. It might be better to have a detuning cell on top of these assemblies, because of a 

large leakage of power through a large beam hole for the cells near to the input and output coupler 
cell. 

Measurement with Two Plungers 

For the purpose of studying the fabrication characteristics, it is useful to measure the pseudo-1T/2 mode 

by using two plungers. Two plunger heads, each equipped with an antenna, sit at the cells adjacent to 

the cell of concern to excite the middle cell while detuning the adjacent cells. The S-parameter from 

an antenna to the other was measured to determine the frequency and the Q values. The position of 

the plunger is referenced from the mechanical reference of the cells in. order to compare those before 

and after the bonding. This procedure has a precision of about 0.1 MHz. 

Measurement with One Plunger 

It is difficult to measure the cells with the above-mentioned method if the structure length becomes 

more than a meter. In this case, a plunger is used to measure the RF wave originally input through 

the coupler cell, but reflected by the plunger. A stainless pipe of 5 mm in diameter and 0.5 mm in 

thickness is used. The system can be set horizontal. It is bent upwards before setting horizontally, 

and its transverse positioning was checked by moving through some dummy cells. This procedure 

ensures a stable plunger movement through the gap between the plunger and the smallest beam hole 

without touching. 

The plunger is moved by a stepping motor and the position is measured by a ready-made linear scale 

with 11m precision. 

A typical measurement of the reflection phase versus the plunger position is shown in Figure 9.43. 

The dwelling point is obtained by fitting these curves as the point where the phase shift / movement 

of the plunger becomes minimum. The measured dwelling points were shifted from the mechanical 

cell pitch due to the varying ration of the plunger to the beam hole as a function of the position in 
the structure. The deviation from a simple linear line is shown in Figure 9.44. Since the deviation is 

fairly large, the mechanically determined points cannot be used as a reference to perform an electrical 

measurement. This behavior was reproduced by a simulation using an S-matrix formulation [20], as 

shown by the solid line in the same figure. All of the data used to measure the structure characteristics 

were deduced from the dwelling point determined as stated above. 

It is thus difficult to measure the characteristics of the accelerating mode, such as the absolute fre

quency (or phase advance per cell), through this method. However, the measurement can be used to 

study the relative frequency change, etc. Once a reference data is taken from a known good structure, 

this system can be used for the final checking of the stacked cells before bonding. 
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Dwell point search in 0.2 mm step 
in a 1.3 m structure 
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Figure 9.43: Typical measurement result of the reflection phase versus the plunger position. The 

open (solid) circles are those of the case when the plunger is near to the input (output) coupler side. 

Dwell point at each cell 
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Figure 9.44: Deviation from a simple linear-fit line of the data points in Figure 9.43. The open 
circles are those measured. The solid line is an estimation calculated by an S-matrix formalism. 

Because the RF power is almost completely reflected by the plunger, this measurement method sensi

tive to the geometry of the reflecting objects including the plunger and the surrounding-cell structures. 

Since the ratio between the plunger diameter and the structure beam hole diameter varies along the 

JLC Design StudY1 April, 1997 



292 Chapter 9. X-band l\fain Linacs: Accelerating Structure 

structure, the reflection condition also varies. To overcome this difficulty, such a measurement as bead 

pulling should be performed to evaluate various characteristics. It is now being planned. 

Bead Measurement 

In order to measure the absolute frequency of each cell, a bead-pulling measurement should be per

formed. This gives at least information concerning the accelerating mode. A system is now planned 

to be built at KEK. 

Even in the mass-production stage, the measurement on the accelerating mode is useful to finally 

check the stacked cells. It should be carefully performed to make the thread for the bead installed 

through the structure without allowing any dust to fall. 

Although the system can also be used to measure the dipole modes, it is in the standing-wave mode 

by measuring the frequency shift due to the bead perturbation. If this works, the direct comparison 

of the calculation of the dipole mode can be compared to the experimental results. This should be 

tried until some method is established which is precise enough to estimate the wake-field within the 

required precision. 

S-parameter Measurement 

A simple checking of the characteristics of the structure as a whole is to measure the S-parameters, 

the reflection and transmission, of the accelerating mode through the input and output waveguide. 

This measurement is usually the final, but gross, check of the fabrication. However, this measurement 

can be performed even before the bonding, and can be used for checking as a whole in parallel to the 

measurement with a plunger or with a bead, as stated above. 
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9.3 Studies with Prototype Models 


After studying a diffusion-bonding technique through test bonding of a few cells to a 17 -cell stack, 

the basic parameter range of the bonding was determined. Several 30cm-structures of a constant

impedance type were made following this technique for establishing and evaluating the practical 

fabrication technique. The basic features of the bonding were studied through these fabrications, and 

are described in the following section. 

After studying the fabrication technique in the 30cm-structures, three full-scale detuned structures 

were fabricated in order to investigate the issues related to the application to the full-scale ones. The 

structure has 150 cells. The first, called "Ml", was designed to have four medium damping slits from 

the accelerating cell toward outside for the damping of the higher modes, as shown in Figure 9.33. 

After encountering severe problems in vacuum sealing, we gave up on this type of structure, and 

are now focusing on a purely detuned structure with regular cells, as shown in Figure 9.13 or 9.24. 

These detuned structures, called "M2" and "IHl", were made for the purpose of extending the present 

technology in aligning and bonding to the full-scale case. The wake-field of "1\,12" was measured at 

SLAC. The results are described in section 9.4.4. The structure is now waiting there for a high-power 

test in addition to a bead measurement of the accelerating mode. The out-gassing rate of "IHl" has 

been measured, and is described in section 9.5. The structure will be tested at KEK in a high power 

soon. 

9.3.1 30 cm Constant-Impedance Structure 

The typical parameters of the 30 cm structure are listed in Table 9.15. The value a/).. 0.16 is set to 

be almost the same as that of the full-scale detuned structure. 

Five structures were made for studies of various ideas concerning the bonding method. Some of the 

conditions and the results of the fabrication are listed in Table 9.16. 

The Q values were obtained from the measured total-attenuation parameters. In the present technol

ogy, reliable diffusion bonding should be made at a temperature higher than 800°C. The necessity or 

advantage of coating a gold film is not clear. At least, the copper-to-copper bonding seems to work 

well. The reason why the Q value of the #1 case is not good is not yet understood. 

The frequencies (fJFrr/2) of the monopole pseudo-7T/2 mode, which has a similar field pattern as 

that of the accelerating mode, were measured by inserting two plungers from both ends to study the 

frequency change due to bonding. The change is as large as a few MHz in only four cells out of the 112 

measured cells. Almost all of them except for those cells, were fairly stable within 1 J\rIHz. Especially 

the low temperature trial, such as #4, showed an excellent stability of the frequency. This indicates 

the preference of low temperature bonding if it gives a reliable vacuum seal. This characteristic was 

discussed in the preliminary test bonding described in Section 9.2. As a typical example, the measured 
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Value Unit 

Beam hole radius a 4.199 mm 
Disk thickness t 2.0 mm 
Effective length (34 cells) L 0.2974 m 
Group velocity vg/c 0.038245 

Impedance r/Q 12.218 kSl/m 
Shunt impedance r 81.3 MSl/m 
Q value Q 6657 

Attenuation parameter a 0.470 neper/m 
Total attenuation 7=aL 0.140 neper 

Filling time Tf 25.9 ns 

Surface field enhancement 2.15 

Table 9.15: Design parameters of the 30 cm constant impedance accelerating structure. (Assumed 

100 %Q value. ) 

Item Unit #1 #2 #3 #4 #5 
Insertion Au2J.Lm Cu-Cu Au 1 J.Lm Cu-Cu Ag 

Temperature °C 890 800 800 750 + ... 700 

Period min 10 60 10 60 60 

Pressure g/mm2 10 3 5 3 3 

Vacuum OK OK OK leaked leaked 

111 (bonding) MHz -0.5 rv -1.0 rvO 

8F7r /2 ±:NIHz 0.5*** 0.7# 0.5** 0.4 

exp(-7) dB -1.494 -1.273 -1.31 -1.42* 

Q/Qcal % 81 95 93 82 86* 

Delay nsec 26.4 26.6 26.4 26.2 

Qex coupler 58 59 58 

8¢> ± deg 1 deg 1.2 deg 

VSWR 1.29 < 1.05 1.15 2t 

t Due to the frequency change by the inflow of brazing material into a coupler cell. 

# The scattering around a linear dependence along z is ±O.4MHz. 
Just after diffusion bonding 

* Two exceptional cells (+2 11Hz: -4 MHz) out of 28 cells. 

** Two exceptional cells « +1.5 11Hz) out of 28 cells. 

Table 9.16: Characteristics ofseveral30cm structures made by using the diffusion bonding technique, 

but under various bonding conditions. 

frequencies for the case of #2 are shown in Figure 9.45. The figure also indicates the possibility of a 

gradual change in the frequency as a function of the vertical position in a high-temperature furnace. 
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However, in no other cases was such a systematic change observed as the cell number. This effect 

should be examined in the full-scale structure. 

Pseudo rr12 mode in 30-cm structure #2 
before and after diffusion bonding 
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Figure 9.45: Frequency of the pseudo-7r 12 mode of a 30 cm structure. The crosses are those just 

after machining and the open circles after diffusion bonding and the final brazing. 

Structure #2 has been tested at high power up to 50 MV 1m as of now without any troublesome 

features. It is still waiting for further conditioning. 

9.3.2 1.3 m Detuned Structure 

Based on the technology obtained in the 30cm structures, three full-scale structures were fabricated. 

Detailed descriptions of the fabrication procedures for three structures are listed in Table 9.17. In 

Table 9.18 are listed typical characteristics obtained in the three structures. 
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M2 IHI 
Shape Fig. 9.32 Fig. 9.27 Fig. 9.27 
bonding diffusion diffusion diffusion 
temperature 800°C 850°C 890°C 

period 1 hour 4 hours 10 min. 

weight on top 16 kg 16 kg 40 kg 

pressure at top cell 3g/mm2 3g/mm2 10g/mm2 

cell shape four slots DS DS 

cell / coupler machining KEK / KEK KEK / KEK IHI / KEK 
cell cleaningt acetone in US acetone in US acetone in US 

cell flatness < 0.5J..tm' < 0.5J..tm OArv 1.2J..tm 

cell roughness 0.05 J..tm 0.05 J..tm 0.05rvO.lJ..tm 

cell cleaning t alkali soak 

H2S04 3% 

pure water 

acetone~N 2 blow 

alkali soak 

H2S04 3% 

pure water 

acetone~N2 blow 

acetone 

HCI3.5% 

pure water 

acetone 40°C 

reference vee vertical vertical horizontal 

cell inclination check none none autocollimator 

none 20 load none 

move to furnace in-house 10m in-house 10m by truck rv30km 

stacked situation free in vertical free in vertical on horizontal vee 

axial constraint bolts, 16 kg air spring, rv100 kg ceramic spring, 40 kg 

furnace vacuum# vacuum# vacuum ## 

position vert. hang vert. hang vert. hang 

hanging rods four* three** four* 

heater in furnace carbon carbon carbon 

temp. ramping rate usual slow$ slow$ 

diffusion bonding 

1st 800°C, 2 hrs, 16 kg 850°C, 4 hr, 16 kg 890°C rv10 min, 1 hr, 40 kg 

2nd 850°C, 1hr, 16 kg 890°C, 1 hr, 40kg 

3rd 820°C, 4 hrs, 60 kg 

4th 820°C, >10 hr, 60kg 

final vacuum seal OK OK 

brazing BAg-8 BAg-8 BAg-8 

* Through the cooling pipes. ** Running outside OD. t US: in ultra sonic bath. tJust before bonding. 

$ Ramping rate at slow mode is set about 100°C/hr. # Furnace dedicated for the vacuum components 

for accelerator. ## Furnace for many types of heat treatments. 

Table 9.17: List of detailed parameters that characterize the prototype 1.3 m structures. 
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Parameter Unit :Ml :M2 IHI 

1 S11 I dB -26 -29 -25 


I S21 1* dB -8.37 -8.27 -8.13 


AFreqt 11Hz 0.7 0.7 0.6 


aFreqt 11Hz 1.9# 0.74 2.3@ 


Alignment J-lm ",,300 ",,40 ",,10 


Shrinkage / cell J-lm 3.3 0.87 1.0 


* Transmission from both sides of the input to one side of the output wave guide. 


t Frequency change due to first diffusion bonding. 


t Standard deviation assuming a random scattering. 


# 0.74 if removing a slope of 0.8 1JHz / 150 cells. 

@ Almost all came from the first diffusion bonding. 


Table 9.18: Table ofcharacteristic parameters related to the bonding process ofprototype structures) 
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The structure "MI" was the first trial of the full-scale structures. It came out badly with severe 

vacuum leakage and a large bending of a few hundred {tm. From the former result, we learned about 

the difficulties in bonding between surfaces with many slits. Although the latter result was miserable, 

experience involving high-precision alignment was obtained through the process of aligning the cells 

vertically and keeping it through the following processes. Based on these experiences, the next two 

structures, "M2" and "IHI", were designed to target the purely detuned structures by removing the 

troublesome slit structure from the bonding surface of the regular celL In these structures, the stability 

of the frequency and a good alignment along the structure were targeted. The following describes 

various key characteristics obtained in the fabrication processes to discuss the feasibility and near 

future studies. 

Cells for the 1.3m Structure 

Each cell in a structure has different dimensions. The precise control of these dimensions is main

tained by comparing the OD with the reference cell using a setup with microsense and sliding stage 

(Figure 9.27). Figure 9.46 shows the differences from the target values. These cells were electrically 

checked in the choke stand shown in Figure 9.42. The measured result for "M2" is shown in Fig

ures 9.47 and 9.48. The difference from a smooth curve is shown in Figures 9.49 and 9.50. These 

deviations are to be considered in a later analysis. 

Cells for a 150-cell structure "M2" 
(deviation from design value) 
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Figure 9.46: Typical results of the machining of 150 cells for a detuned structure. The triangles are 

the deviations of the outer diameters from 80 mm. The solid circles are the deviations of the inner 

diameters of the cells from the design values. 
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M2 cell RF measurement with choke stand 

2b sensitive measurement 
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Figure 9.47: Observed correlation between the measured cavity size (2b) and the cell frequency, as 

measured with setup in Figure 9.42(b). 
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Figure 9.48: Observed correlation between the measured beam hole size (a) and the cell frequency, 

as measured with the setup shown in Figure 9.42( a). 
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RF Measurement with choke stand on cells for uM2" 
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Figure 9.49: Deviations of the measured frequencies from a smooth fitting curve in Figure 9.47. 
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Figure 9.50: Deviations of the measured frequencies from a smooth fitting curve in Figure 9.48. 
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Electric Characteristics before and after Bonding 

In order to confirm the stability of the frequency due to the bonding process, the reflection phase 

seen from the input coupler side was measured by varying the position of the plunger. The results for 

"M2" are shown in Figure 9.51. 

Reflection before and after bonding of IM2" 

Meas. at 11.420 GHz 
before bonding 

-··-··..·'~s. 
aftei>llpnding 

\. 

Real 

Imag 

at 11.42075 GHz 

-1 1 

-1 

Measured at 25.8 degC in N2 gas 

Figure 9.51: Afeasured reflection coefficient versus the plunger position. The open circles are those 

before diffusion bonding, while the solid circles are those after. The measurement frequency is adjusted 

arbitrarily to obtain a smooth curve for the region with a low group velocity. 

The changes in the accelerating-mode frequencies of all the cells were deduced from this result. To 

make the comparison robust against possible reflections in such a part as the input coupler cell, the 

phase difference between those with a plunger at the n'th cell and (n + l)'th cell was used. The 

changes in the phase were converted into the average frequency shift of the three cells. The result is 

shown in Figure 9.52. Those in almost all of the cells were within ±11\.1Hz. The scattering was almost 

random, and the standard deviation of the scattering was 0.74 MHz. The average shift of frequency 

was +0.6 MHz, which should be corrected in the stage of cell machining. 
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Distribution of frequency change due to bonding 
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Figure 9.52: Frequency change of the accelerating mode averaged in each three cells along the 
structure. 

Structure Assembly of Full-scale Structure 

The alignment of the cells in the 30cm-structures was successful and some structure showed a mis

alignment of several J-.tm level along the structure. Although this experience was very encouraging, a 

30cm-structure has only 34 cells and it is further necessary to study the stacking technique for full-size 

structures, because the number of cells in the full-size one is 150. 

As shown in Table 9.17, the alignment of the cells was performed on the vee-block. Essentially two 

methods were studied: one with vertical stacking, and the other with horizontal stacking. The former 

can stay in the vertical form after stacking until setting in the furnace. The latter should be stable 

during the stacking process. However ,it has to pass through an process of rotating it into a vertical 

position. 

The definitions of the alignment measurement in both cases, such as A, B, TOP and BOTTO~1, are 

shown in Figure 9.53 . 

• Vertical stacking for "M2" 

The Vee-block was installed in a clean room whose specification is class 1000. Workers are dressed in 

dust-free clothes and wear a mask. The straightness of the Vee-block has been checked to be less than 

5J-.tm/1500mm. Cell stacking was performed on a ceramic plate sitting on a stainless-steel plate set at 

the bottom of the Vee-block. The cells were set, while pushing against the Vee-block. The ceramic 

plate and stainless-steel plate were set on the stacked cells in just the same way as the bottom. After 
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Cell numbering 

9.3. Studies with Prototype Models 

y 

Coordinate System 

¢:: 
SIDE x 

Measurement Points 

Horizontal Measurement 
at Mihara 
Vertical Measurement 

with Zeuiss instrument 
at KEK 

TOP 

(a) Vertical vee-block (a) Horizontal vee-block 

Figure 9.53: Top: Definition of the parameters to describe the cell alignment. Bottom: Schematic 

diagram of the set up for the measurement. (aJ: Cells are stacked against a vertical V-block. The 

alignment is measured by two capacitive-gap sensors sitting on a plate running along the two parallel 

cylinders. (bJ: Cells are stacked on a horizontal V-block. The alignment measurement is performed 

by a capacitive gap sensor running parallel to two planes, one on the side wall of the V-block and the 

other on the plate where the V-block is sitting. 
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stacking the cells, the straightness of the stacked cells was checked by using two capacitance gauges. 

Before moving the stacked cells into the furnace for diffusion-bonding process, the stacked cells were 

loaded using 100kg by an air cylinder mounted on the top of the jig and compressing the cells by using 

the three stretched-bars between both ends of the stack. Then, the Vee-block was taken off from the 

structure using a sophisticated moving mechanism. A conceptual drawing is shown in Figure 9.37 
that appeared in section 9.2. 

During the cell stacking against the vertical vee, the cells were pressed by a 20kg weight after each 30

cell stacking in order to reduce the air film between the cells, and to stabilize the whole stacked column. 

The alignment measurement was performed in the vertical position compared with the reference of a 

straight edge running parallel to the Vee-block. The result of the alignment measurement is shown in 

Figure 9.54. 
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Figure 9.54: Measured alignment of a detuned structure (M2). The assembly was performed against 
a vertical V-block. The open (solid) symbols are those before (after) bonding . 

• Horizontal stacking for "IHl" 

On the other hand, the cell stacking for "IHl" was performed on a horizontal Vee-block. The incli

nation of the stacked cell was checked by a laser beam of an auto collimator in order to check any 

insertion, such as dust, between the cells. The alignment was measured with the reference defined by 

two flat planes running along the vee-block. 

The stacked cells were transported by truck to a furnace 30km away from the stacking place. On the 

truck the cells were sitting on the same vee-block where the stacking was performed. After reaching 

the furnace company, the stacked cells were rotated from the horizontal to the vertical on the base of 

the furnace and hung there. 
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The results of the alignment just after the stacking and that after bonding are shown in Figure 9.55. 
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Figure 'i).55: Measured alignment of a detuned structure (IHi). The assembly was performed on a 

horizontal V-block. The open (solid) symbols are those before (after) bonding. 

Cell Shrinkage 

It was found that the cells were shrunk through the diffusion-bonding process. Figure 9.56 shows 

the cell shrinkage due to diffusion bonding for the case of 'M2', while Figure 9.57 shows that for 

"IHI". It was found through the bonding of "M2" and "IHI" that diffusion bonding gave almost the 

same shrinkage of about IJ-lmjcell. In both cases the structure experienced a temperature higher than 

800°C for a long period. The silver brazing cycle (BAg-8 at about 810°C) was short, which gave a 

fairly small amount of shrinkage. 
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Figure 9.56: Deviation of the cell position in M2 from the design value measured from the i~put 
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Figure 9.57: Deviation of the cell position in IH1 measured from the input coupler side. 

JLC Design Study, April, 1997 



307 9.3. Studies with Prototype 1vfodels 

9.3.3 Future Study on Full-scale Structure Fabrication 

From the fabrication of the two detuned structures, "112" and "IHl", the level of frequency control 

has almost been cleared. However, since this level has been still barely achieved, a series of similar 

structures should be built in order to optimize the cell tolerances, surface quality and the bonding 

parameters. 

The alignment of the cells in a structure has been proven to be within the 10jlm level, which is 

almost within the tolerance. However, more reliable and accurate measurement techniques should be 

developed in order to identify any mechanism that creates a misalignment, and to keep the alignment 

level always within the tolerance, or better. These studies should also be included in the fabrication 

and assembly studies of the following full-scale structures. 

Considering these points, a few structures should be made in order to establish the present fabrication 

and assembly technology. Furthermore, a set of DS with four structures interleaved should be made 

at once to confirm that the present fabrication level can be extended for the interleaving case, where 

a better "relative" control of the frequencies between the structures should be realized. 
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9.4 Wake-field Control 


It is important to precisely estimate the dipole wake-field in a structure so that the cancellation 

between the modes in it, or even among four interleaved structures, is confirmed. The evaluation code 

should be tested experimentally, because the treatment of the wake-field in a multi-cell structure is a 

complicated problem, and many approximations should be applied. For this purpose, the wake-field 

test setup ASSET at SLAC [21], was used. The following describes the present status of the codes, a 

comparison with the experiment and future study items. 

9.4.1 Wake-field Calculation 

Longitudinal Mode 

An evaluation of the short-range wake-field is discussed in the section of beam dynamics. The mag

nitude of this wake-field is almost entirely determined by the choice of the beam-hole radius. 

The severest long-range longitudinal wake-field is the one due to the accelerating mode. This effect 

results in the multi-bunch energy distribution. It will be compensated by manipulating the RF phase, 

amplitude and timing. These estimations are under study[13]. Another long-range longitudinal wake

field due to higher modes, which might cause a complex bunch-to-bunch energy distribution, will not 

put severe requirements on the detuned structure, because the detuned structure is expected to have 

a given-spread of the higher longitudinal mode. This is similar to that estimated for the ATF injector 

linac[12]. The estimation of the multi-bunch energy distribution using an equivalent-circuit model, 

which takes the higher modes into account separately for each passband, is being studied[14]. The 

energy distribution from the TMoll mode was calculated to be within ±0.1 %. 

Dipole Mode: Equivalent-circuit Model to an Open-mode Expansion 

In this section, a calculation of the long-range transverse wake-field is described in detail. In the 

detuned structure for the linear collider, the modes in the lowest dipole passband mainly contribute. 
However, those in the second lowest should be taken into account at the same time, because the cou

pling between those two passband is very large. An equivalent model analysis based on an assumption 

of the shape, as in Figure 9.1, consisted of a chain of pill-box cavities, and took these two modes into 

account (K. Bane and R. Gluckstern[25]). This mode is referred to here as the EQC code. This 

analysis gives the basic characteristics of the severest modes. However, it was pointed out that modes 

such as the 6'th passband, should also be taken into account[6]. 

In order to treat the dipole modes, with the higher modes at the same time, a code has been developed, 

based on the expansion of the modes in a cell into the modes with the electric open boundary condition 

at both ends of the cell. This code is called here the "open-mode-expansion" code, 011 code. The 
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expansion into the open modes is expressed as 

N M 

E LLekm, (9.19) 
k=l m=l 

where E is the field of the whole structure, k the cell number from 1 to N, m the mode number in 

a cell from 1 to M and ekm the field of the m'th open mode in the k'th cell. If the modes up to 

the 8'th are taken into account, this representation should better reproduce the characteristics of the 

structure. However, the realistic detuned structure has some features which are not represented in the 

O~1 code. One of them is a treatment of the round beam-hole shape, now treated as a flat shape with 

the same radius. Another one is the assumption of symmetry with respect to the mid-plane. This 

assumption contradicts the basic nature of the detuned structure, especially on a rapidly changing 

part of the structure, such as near to the input and output coupler region. 

Dipole: Finite-element Code 

As an attempt for making a very realistic calculation of the wake-field in a detuned structure, a 

finite-element code (FE code) was developed[24]. In this code, all of the modes in a passband can be 

calculated for a CPU time of one hour or so by utilizing massively parallel processors. 

Figure 9.58 compares the kick factors calculated by two codes, the OM code and the FE code. As 
shown in this figure, the two calculations give fairly similar results. A notable difference in the lowest 

passband is due to an approximation of flat beam hole in the OM code, while in FE a realistic nose 

shape is taken. The disagreement in the 8'th passband is due to a truncation at the 8'th passband in 

the OM code. With these limitations in mind, the OM code can be used to evaluate the wake-field, 

especially for design optimization, because the CPU-time requirement of the OM code for 8 pass-bands 

is only a quarter of an hour using the usual workstation available today. 

Future Developments 

Although the FE code is fairly precise, there are still some features to be included even in the FE 

code. Examples of these are the inclusion of a 3D shape of the coupler cell and the coupling to the 

waveguide in addition to the coupling to the beam pipe. These effects are supposed to be on the order 

of one percent, because the ratio of number of the coupler cells to the total is such an amount. For the 

final design of the detuned structure, the code should be revised so as to give the required precision 
to discuss the beam-dynamics issues. 

9.4.2 Wake-field Evaluation without a Beam 

It is straightforward to compare the calculation results to the measurements in a standing-wave mode. 

A trial was performed for the 28-cell model detuned structure. Figure 9.59 shows the measured 

JLC Design Study, April, 1997 



310 Chapter 9. X-band Main Linacs: Accelerating Structure 

Kick factors of detuned structure 
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Figure 9.58: Comparison of the kick factors of the detuned structure. The open circles are those 

calculated by the OM code, while the crosses are those by the FE code. 

frequencies and the calculated ones by the OM code. The agreement is quite nice. However, the 

measurement of the field, ie. the measurement of the kick factor of the mode, was difficult, though a 

field measurement is essential to estimate the wake-field. Feasibility study of the measurement of the 

field in an X-band structure is being planned. 

This approach is especially important for understanding the modes coupled to the input or output 

coupler cell so as to understand the difference between theoretical estimate and the experiment to a 

precision of one percent. 

9.4.3 	 Wake-field Measurement with a Beam and a Comparison with the 

Calculation 

ASSET Condition 

In ASSET [22],[21] at SLAC, the momentum kick received by the electron bunch was measured by 

the BP:NI's in the downstream linac for a varying offset of the driving positron bunch with respect to 
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Figure 9.59: Frequencies of the modes in the lowest two pass-bands ofa test 28-cell detuned structure 

scaled by a factor of 2 from the X-band structure. The open circles are those measured, while the 

dots are those calculated by the open-mode expansion code. 

the structure. Therefore, the wake-function (Wt ) is deduced from the slope of the following formula: 

8 8Pt 1 
(9.20)Wt(t) 8Yd P Qd 'I'V 

where 8Pt , is the transverse momentum received by the witness bunch of its momentum (P), Qd the 

drive bunch intensity, and Yd the offset of the drive bunch. The parameters that characterize the 

experiment are listed in Table 9.19. 

In Figures 9.60, 9.61 and 9.62, the measured wake-fields are shown in various time ranges. 

It was confirmed that the cancellation of a factor of 100 at the next bunch arrival was realized as 

shown in Figure 9.60. The solid line is an estimation by the OM code. 

Energy Ed, Ew GeV 1.2 

Drive bunch intensity Q d x1010 21'V3 

Witness bunch intensity Qw x1010 1.5 

Drive bunch length (jz mm 0.6 

Emittance €x / €y {tm 30/3 

Beam size (jx / (jy {tm 110/65 
BPM resolution in NRTL {tm 25 

BPM resolution in downstream linac 7 

Table 9.19: Typical parameters of the ASSET experiment. NRTL stands for the injection line to 

the setup, while the linac functions as a detector of the kick. 
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Figure 9.60: Wake-field of a detuned structure, "'M2", measured using ASSET at the SLC. The 
open circles are the 15 GHz component deduced from the fitting within each measured time span. The 

solid circles are the maximum value obtained by eye. The solid line is a calculation using open-mode 
expansion code. 

The estimations by EQC, OM and FE all underestimate the wake-field in the region after 1.4 nsec 

until 10 nsec. The inclusion of higher modes above the second passband, such as in the OM and 

FE, or the simple inclusion of fabrication error, as examined in the case of EQC, do not explain the 

difference. This time range should be examined more carefully in the light of a design with four 

interleaving structures. 

The wake-field at a longer time range is shown in Figures 9.62 and 9.63. Again, the solid line is 

an estimation by the OM code and the EQC code. The agreement between the experiment and the 

code prediction is fairly good. The longer recurrence time in the OM code result comes from an 

approximation of the flat beam-hole shape. If the nose radius is appropriately taken into account as 

an effective beam hole radius, the recurrence time should agree with the experimental result. This is 
shown in the result by the EQC analysis by K. Bane[23], shown in Figure 9.63. 

In the region from 10 to 100 nsec, the experimental data appeared below both theoretical estimates. 

One of the reasons is that the data points are on the slope of the envelope of the wake-field with an 

oscillatory behavior. However, the probability of the data appearing lower than the maximum of the 

theoretical envelope seems still to be larger than a simple random appearance. 

The existence of high-frequency components in the wake-field is clearly seen in such data as shown 

in Figure 9.64, about 25.4 nsec later than the drive bunch. In this example the same amount of the 

frequency components is assumed for both 18 and 40 GHz, though in reality more than two higher 
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Figure 9.61: Wake-field ofa detuned structure, "M2", measured using ASSET at the SLC. The open 

circles are the 15GHz component deduced from the fitting within each measured time span. The solid 

circles are the maximum values obtained by eye. The solid line is a calculation using the open-mode 
expansion code. 

modes should contribute. Since the level of a few percent appears in the wake-field, this also should 

be reproduced in an estimation to design the structure based on some calculation. 

Figure 9.65 shows the 15GHz component of the measured wake-field of DS in the x-y plane. They 

are almost the same as each other in almost all of the time ranges measured, except for the region 

from a few nsec to a few tens of nsec. Since the structure is circularly symmetric, except for the 

coupler cells, this difference should originate from the coupler cells. The coupling of the structure to 

the outer waveguide or the frequency deviation from the nominal value due to the coupling iris should 

be responsible. These effects should be understood before the final design. 
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Figure 9.62: Wake-field of a detuned structure, "M2", measured at ASSET of the SLC. The solid 

circles are those points depicted as the maximum by eye, while the open circles are those of the 15 GHz 
component. The line is an estimation of open-mode expansion. The Q values of all of the modes in 

the calculation are assumed to be 6000. 
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Figure 9.63: Wake-field of of a detuned structure, 'M2', measured at ASSET of the SLC. The solid 
circles are those points depicted as the maximum by eye, while the open circles are those of the 

15GHz component. The line is an estimation by the EQC code. The Q values of all tbe modes in the 

calculation are assumed to be 6000. 
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Figure 9.64: The solid circles are the vertical wake-field measured at time 25.2 nsec. The horizontal 

axis is measured with respect to 25.2 nsec. The dotted line is an example fitting with two frequency 

components at 18 GHz and 40 GHz, showing the contribution of the frequency components higher 

than the lowest dipole passband. 
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Figure 9.65: Wake-field of the detuned structure measured at ASSET of the SLC. The open (solid) 

symbols are those of the vertical (horizontal) wake-field at a frequency of 15 GHz. 
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9.4.4 Future Plan for Further Precise Measurements 

If the beam is passing through a structure being parallel to it, the wake-field to be induced in it can 

be calculated, and can also be measured at ASSET. 

To make a design based on this analysis, the cell-to-cell misalignment within a structure should be 

much smaller than the offset of the beam with respect to the structure. If this is not the case, the 

effect of the cell misalignment in the structure should be included rigorously. The effective kick from 

the misaligned cells might be estimated as 

(9.21) 

where m is the mode number, i the cell number, Urn the stored energy in the mode m, Ezi(z) the 
z-component of the electric field, and 0Yi the misalignment of the i'th cell; the integration is performed 

in the i'th cell. In order to confirm the precision of this approximation, some experimental studies 

should be performed. For this purpose, the structure should be well aligned to the beam, and the 

residual wake-field which still remains is deduced. 

In order to complete the engineering design, such effects as the structure inclination, rotation in the 
x-y plane and cell misalignment, should be practically studied. In addition to this study, a system 
with four interleaving structures should be proved to work experimentally from a beam dynamics 
point of view while using the beam. 
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9.5 Vacuum Characteristics of the Accelerating Structure 


3The out-gassing rate from the inner area of the accelerating structure should be within 1.3 x 10-9 Pa m / 

sec/m2 in order to keep the average pressure inside the structure at less than 1.3x 10-6 Pa. The out

gassing rate from the oxygen-free copper (OFC) material is easily reduced down to less than the 

above-mentioned criteria if the surface is properly prepared[31]. Although the structure is made of 

OFC copper, it can be contaminated through various fabrication processes, such as a diamond ma

chining using oil, high-temperature bonding in a furnace and various inspections performed in the air 

with slowly purging nitrogen gas, but with some of the flanges open. Therefore, it should be studied 

whether a structure made through the present method meets the above-mentioned requirement. 

9.5.1 Measurement of the Out-gassing Rate 

The out-gassing rate of one of the 1.3 m structures, "IH1", has been measured. The total inner

surface area of copper in the structure is 1972 cm2
, mainly consisting of the accelerating cells, but 

also including an extra area of 242 cm2 for the beam pipe and wave guide. The layout of the test 

setup is shown in Figure 9.66. The system is baked at 150°C for one day before testing the structure. 

The base out-gassing rate of the system is less than 1 x 10-10 Pam3 /sec/m2 if baked. Since the inner 

area of the system is roughly the same as that being tested, the present system can measure the 

out-gassing rate down to the critical value of the detuned structure, which is 10-times larger than that 

of the system background. The total pressure was measured by two extractor gauges located at both 

sides of the orifice. The partial pressure was measured by a quadrupole-based residual-gas analyzer 

(RCA) being set at the structure side of the orifice. 

The structure was fabricated through such processes as an RF measurement and a mechanical

alignment measurement, performed while being purged by nitrogen gas. Just before the present 

vacuum test, this structure was evacuated for one day and then exposed to air for one hour to estab

lish the initial condition of the test. 

Figure 9.67 shows the total pressure versus the pumping time. As can be seen in the figure, the 

pressure in the upstream chamber is always 20-times higher than that in the downstream chamber. 

Therefore, the out-gassing rate can be estimated by neglecting the pressure at the pumping side 

of the orifice. This process overestimates by less than 5%. Also seen from the figure is that the 

system background pressure is about 10% or less compared to the pressure in the system with the 
cavity connected. Therefore, the out-gassing rate can be estimated again by neglecting the system 

background. This approximation overestimates by 10% or less. 

The partial pressures were measured by a quadrupole-based residual-gas analyzer in parallel with the 

total pressure measurement. Several main components are shown in Figure 9.68. As can be seen in 

this figure, the main components are the gas molecules with mass numbers 18, 28 and 44, indicating 

water and carbon-related molecules. 
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Figure 9.66: Schematic diagram of the set up for measuring the outgas-sing rate. The structure 

being tested was connected to the up-stream chamber, which was evacuated through the orifice and 

the calibration chamber. The conductance of the orifice was 5 llsec. The total vacuum pressures at 

both sides of the orifice were measured using extractor gauges, EXG1 and EXG2. The gas pressure 

at the up-stream chamber connected to the structure was analyzed by a residual-gas analyzer (RGA). 

The temperatures of the two chambers were at about 21°C. Base pressure in the calibration chamber 

was on the order of 10-9 Pa. Purging by nitrogen gas and air was performed through a filter and 

value LV2. The area closed with a solid line and a dot-dashed line was baked before the present study. 

A typical mass spectrum near to the end of the measurement is shown in Figure 9.69. The water is 

the main component, as shown in the figure. This can be considerably reduced by baking at around 

200°C. Even if the water content is baked out, the other components, such as the. mass numbers 28 

and 44, probably in such molecules as CO and CO2 , cannot be reduced so easily under medium

temperature baking. The pressure level should be reduced by more than 10 times, compared to the 

amount at the last moment of the present measurement. If necessary, high-temperature baking at 

such a high temperature as 500°C, or more, like that the klystron tube fabrication process, should be 

studied. The contribution of such a low-Z gas as H2 is less harmful. 

Before considering high-temperature baking, it should be studied in which mechanism the copper 

surface is contaminated by such carbon-related materials. Such processes should be studied as the 

cell machining, itself, where kerosene oil is used as a cutting fluid. The diffusion-bonding process, 

which is performed in a vacuum furnace, may also contaminate the surface, because the furnace used 
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Figure 9.67: Out-gassing rate of the detuned structure measured by the setup shown in Figure 9.66. 

The solid circles and triangles with the name 'CAV' are those obtained with the structure connected, 

while the open symbols with name 'BCD' are those withqut the structure, showing the system back

ground. Those with 'UP' and 'DN' are the pressures at the upstream and the downstream chamber, 

respecti vely. 

for "IHl" is at a fairly high pressure, 10-2 Pa during high-temperature bonding. Thus, those gasrv 

components can possibly be reduced throughout the fabrication processes. 

These surface-related studies are to be performed through the fabrication of several structures from 

now on. 
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Figure 9.68: Partial pressure of typical residual gases as a function of the pumping time. 
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Figure 9.69: Typical residual-gas spectrum near to the end of the measurement. 
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9.6 High-Field Issues 


High-field experiments were performed in two stages before studying realistic prototype structures. 

Tests on 20cm structures were performed at first to study the high-field characteristics with a limited 

power of a few tens of MW. Two structures were tested. These structures were made by silver-brazing 

technique to bond the cells. Thereafter) 30 cm structures were made using the diffusion bonding, 

the same technique as that for the full-scale structure. Therefore, high-field test on these structures 

will be used to check whether any inherent difficulties exist or not, related to the unique fabrication 

technique. A test on a full-scale structure is, of course, the most practical study. It is scheduled to 

be performed soon. 

9.6.1 20cm Constant-impedance Structure 

It is necessary to stably operate the structure at a high-field level of well more than 70 MV 1m. To 

investigate the feasibility, two 20cm-Iong constant-impedance structures of the same electrical design 

were first studied at high power [26, 27]. These structures were designed to have a high field with 

a relatively small input power by reducing the beam-hole diameter as small as 6mm, while the disk 

thickness was 2mm. One of the structures was made by KEK by utilizing an industrial-fabrication 

technique of commercial accelerating structures for medical applications. Another one was made at 

CERN based on cells made using an ultra-precise diamond tool, followed by the fabrication process 

at CERN. Both structures were made by a silver-brazing technique for joining the cells. 

Figure 9.70 gives the history of the conditioning for the CERN structure. The nominal pulse width 

was 100 nsec, and the repetition rate was typically 50Hz. It was found that a 100 MV 1m level can be 

obtained without difficulty. On the contrary, the KEK structure was conditioned for a period of almost 

one order of magnitude longer, but reached only 70 MV 1m. This means that in some cases a field level 

more than 70 MV1m is not easily obtained. It should be clarified how to reliably obtain a level over 

70 MV 1m. The conditioning was performed at a nominal pulse width of 100 nsec, though the actual 

structure was designed to be under a high field during an RF period of 230 nsec. To investigate the 

characteristics on the pulse width, the maximum pulse width just before the breakdown was recorded 
by keeping the peak power constant. The result is shown in Figure 9.71. As can be seen in this 

figure, it is usually difficult to maintain a high-field level for a longer pulse duration. In this figure, 

the CERN structure shows a much better performance compared to the KEK one, indicating again 

the importance of the fabrication method on the obtainable field level and pulse length. 

A small amount of dark current is preferable against various bad effects, speculated to be appeared 

in the beam position monitor, the background production for the physics detector, etc. As shown 

in Figure 9.72, the dark current of the KEK structure is very large compared to that of CERN. 

The amount rapidly increases as the field increases. Therefore, it is in principle better to make it 

small so as to operate the structure at a high-field level. This stresses again the importance of the 
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Average Accelerating Field in 

CERN-made 20cm structure 
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Figure 9.70: Conditioning curve of a CERN-made 20 cm structure. The vertical axis is the average 

accelerating field along the structure, while the horizontal axis is the integrated conditioning time. 

The conditioning "'as typically performed at 50 Hz. 

fabrication process. This data was also analyzed using the modified Fowler-Northeim formula shown 

in Figure 9.73. It was found that even if the amount of dark current, as well as the reached maximum 

field are very different between the two structures, the surface field-enhancement factor is similar. It 

should be noted that the dependence of these characteristics of the dark current on the fabrication 

method, especially on how well the fabrication processes maintain cleanness, were also observed in 

the S-band case[28]. The momentum spectra of the dark current for the two structures are shown in 

Figure 9.74. As shown in this figure, the KEK structure has a large contribution in the low-energy 

part. This low-energy part remains at the pulse duration of 40 nsec, shorter than the filling time of 

the structure, 50 nsec. 
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Breakdown limit 

for CERN and KEK 2Dcm structure 
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Figure 9.71: Break-down limit of the two 20 cm structures, KEK-made and CERN-made. The 
data points are the maximum pulse length observed in the lengthening at each power level. The 
triangles and open circles are those of the KEK-made structure at the beginning and final stage of the 

conditioning, respectively. The solid circles are those of the CERN-made structure at a fairly early 

stage. The numbers in the box are the integrated number of RF pulses until then in units of 106 . 
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Figure 9.72: Peak dark current measured at Faraday cups during an RF pulse of 100 nsec. Notes, 

"UP" and "DN", in the figure are the directions of the dark current towards upstream side and 

downstream side of the structure considering the direction of the beam acceleration. 
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Modified Fowler-Northeim plot 

for CERN and KEK 20cm Structure 
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Figure 9.73: Modified Fowler-Northeim plot of the data of Figure 9.72. Notes, "UP" and "DN", in 

the figure are the directions of the dark current towards upstream side and downstream side of the 

structure considering the direction of the beam acceleration. 
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Figure 9.74: Nlomentum spectrum of the dark current measured at the downstream analyzer mag

net. The pulse length was 80 nsec. The solid circles are those from the KEK-made structure at 

an accelerating field of 56 lvIVjm, while the open triangles are those from the CERN-made one at 

59 !vlVjm. The momentum acceptance of the analyzer magnet was set 4.3%. 
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9.6.2 30cm Constant-impedance Structure 

A schematic drawings of the 30 em structure was shown in Figure 9.30. The beam-hole aperture 

(a) is 4.2mm, and the disk thickness (t) is 2 mm. These values were adopted to make the structure 

similar to the full-scale DS structure. From these parameters, the average accelerating field along the 

structure is given by 

(9.22) 

where 

Ein [l\tlVJm] V2arPin = 8.742 X VPin [l\tlW] (9.23) 

1 exp(7) = 0.933.F(7) 	 (9.24) 
7 

Actual detuned structures will be fabricated using cells machined by a diamond tool and by utilizing 

the diffusion-bonding method, which was used for the 30cm structures. This type of structure is made 

from a new fabrication technique, and its characteristics at high fields should be studied. As a test 

of the fabrication technique, several30cm long structures were made, as shown in Table 9.16. One of 

them (#2), which was made by a technique considered to be suitable for the full-scale structure, was 

tested at high power. The conditioning curve is shown in Figure 9.75. A level of 50 MVJm is easily 

obtained. It is now being tested at higher fields. 

Average Accelerating Field 

in a Diffusion-Bonded 30cm Accelerating Structure 
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Figure 9.75: Conditioning curve of a 30 cm structure made by diffusion bonding. The vertical axis 

is the average accelerating field along the structure, while the horizontal the integrated conditioning 

time. The conditioning lvas typically performed at 100 nsec and 50 Hz. 

An attempt was made to measure the field-emission currents. The peak current to the Faraday cup 

upstream of the beam pipe was about 1 J1A at the highest field over a pulse-width range of 30 to 130 
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nsec. That towards the downstream one could not be measured. The dependence on the field level 

will also be measured in the future. 
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9.6.3 Full-scale 1.3m Prototypes 

The full-scale detuned structure is 1.3 m in length. High filed experiment on the full-scale structures 

has not been performed yet. However, the amount of dark current is estimated to be fairly large 

compared to that of the short structures[29]. In addition to the length, the beam-hole aperture changes 

from larger size to smaller size so that more field-emitted electrons can hit the downstream disk than 

in the case of the constant-impedance structure, and that they may produce more secondary particles 

and photons in a cascade manner. These secondary particles cause many effects. A multiplication 

mechanism from a structure to the downstream one will also enhance such a behavior originating from 

field-emitted electrons. These should be studied in a practical configuration. 

One of the structures, M2, will be tested at SLAC using RF power compressed by SLED-II with a 

150 nsec duration. Another one, IHl, will be tested at KEK using the combined power from XB-72K, 

possibly reaching over than 100 MW with a variable-pulse length in order to study the characteristics 

at 80 MV 1m or higher. 

In order to study and prove high-field operation in a practical configuration, it should be studied in 

such a configuration that two to four structures are driven at once with some focusing elements as the 

quadrupole magnet. In this configuration, the stability of the operation, and such characteristics as the 

field-emitted electrons, the performance of the beam position monitors, the fault rate, and the vacuum 

level, should be studied before establishing the engineering design. Also, a realistic multi-bunch beam 

should be injected in order to observe the behavior on the beam. 
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9.7 Structure BPM for Alignment 


An estimation of the alignment tolerance of the accelerating structure is discussed in Chapter 7. The 

structures should be aligned with respect to the beam within several micrometers. To this aim, the 

beam position with respect to the structure is measured and fed-back to the structure positioning. 

The requirements on these BP:rvl's are a resolution of 1j.Lm and an accuracy of 3j.Lm. The relative 

alignment of the electrical center of the BPl'v1 to that of the relevant modes in the accelerating structure 

should be within this accuracy. 

The simplest method is to measure the beam position is to detect the dipole modes excited in the 

structure. Because this BPM performance depends on the mode characteristics and the structure 

straightness, a realistic electrical system should be designed based on the understanding of the modes 

excited in the structure. On the other hand, two BP1>.1's electrically isolated from the accelerating 

structure serve as a beam-position monitor for the structure if they are attached at both ends while 

being mechanically aligned well with respect to the structure axis. It should be noted again that in 

both cases good straightness of the cells along the structure is one of the most basic requirements to 

be kept for these BPl'v1 to work for the purpose of structure alignment. 

The actual beam consists of 85 bunches in a train, each containing 0.7x 1010 electrons or positrons. 

The BPM should be safe against such multi bunches in full single-bunch intensity, but should be 

possible to measure the position of a single bunch of less intensity, such as 1 x 109 particles per bunch. 

This section briefly describes an idea concerning the feasibility of these two types of BP!vl's for the 

alignment of detuned structures. 

9.7.1 Independent BPM 

Cavity-type BP1>.rs have been studied to reach a position resolution of well less than a micrometer[32, 

33, 34, 35] and in Chapter 16. All of the BP1>.1's use the TMllO mode in a pillbox-type cavity with 

frequencies comparable to that of the accelerating one. Therefore, the mechanical outer diameter of 

the BP1'I can be within ¢80mm, that of the accelerating cells. Therefore, it can be integrated in 

a mechanically well-aligned structure. A resolution of 1j.Lm is fairly easily obtained. The electrical 

center of the mode in the BPl'vi cavity should be kept the same as that of the mechanical center of 

the BPM cavity. For this purpose, high-precision machining of the BP:tvl cavity with a concentricity 

much better than 111m should be realized. 

The long-range wake-field coming from the modes excited in the BP!vl cavity, including the mode for 

the BPM function, should be less than the wake-field tolerance. 

Three identical prototype BP!vI cavities and their electric circuits should be made, and, especially, 

the accuracy should be checked. This study requires a beam without big transverse tails. 
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9.7.2 Structure Modes 

It is straightforward to measure the beam position using the excited modes in the structure. If the 

cells are aligned well, the electrical axes of many relevant modes are in the same position and one of 

those will be used for the BPM action. In a detuned structure, some modes are trapped in a fairly 

small region of the structure, so that the dipole mode localized there can serve the beam-position 

information averaged around those cells. 

openmode 1 st band field 
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-0.5 


-1 


Figure 9.76: Electric-field strength of the 38'th mode in frequency of the dipole modes calculated 

by "OM" code. This mode is a candidate for the measurement of the beam position with respect to 

the input-coupler side of the structure. TIle BPM might be attached at the 40'th cell. 

openmode 1 st band field 

Figure 9.77: Electric-field strength of the 108'th mode in frequency of the dipole modes calculated 

by "OAf" code. This mode is a candidate for the measurement of the beam position with respect to 

tIle output-coupler side of the structure. The BP!vI might be attached at the 110'th cell. 

The field patterns of the lowest dipole modes for the two candidate modes are shown in Figures 9.76 

and 9.77. From this pattern, the BPM cell will be at the 40'th cell for the 38'th mode and at around 

the 110'th cell for the 108'th cell. The BPM will take the position of the beam averaged in the region 

where stored energy exists. However, it should be noted that the thus-obtained position information 

has meaning only down to the length of the misalignment of the cells located there. The dipole-mode 

signal will be extracted and picked up by a simple antenna or loop. The dipole-mode frequency of 

such a cell should not be perturbed much by such an external-coupling circuit in order to maintain 

the design distribution of the dipole modes. Since the frequency spacing of the mode in a detuned 

, structure is at least 9 IvIHz, a frequency filter of a few IVIHz can be used. 
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The performance of these BPM's should be confirmed by experiments with a beam which is aligned to 

the structure with some other measuring tools, such as the signal from the input and output coupler 

cells, where the outputs from left and right should be combined differentially or by installing two 

independent BPM's, as in the previous section. 
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10.1 Introduction 


Through discussions on the next-generation linear colliders during the past decade, several major 

proposals concerning conventional-type electron-positron linear colliders emerged at accelerator lab

oratories world-wide[l]. A variety of main linac designs were surveyed, ranging from L-band super

conducting linacs to the 14 GHz normal conducting linac; also, more ambitious schemes, such as two 

beam-type electron-positron linear accelerators that utilize a 30 GHz-class RF frequency were con

sidered. The specifications of such linac designs are summarized in Table 10.1[1]. At this moment, it 

is widely felt that the next electron-positron linear collider at an energy range of 500 Ge V center of 

mass can be based on an ordinary linac-type collider, that is driven by pulsed RF power sources of 

somewhere between the S-band and X-band frequencies. 

TESLA SBLC JLC NLC VLEPP CLIC 


Energy (C.M) 500 500 500 500 500 500 

RF Frequency (GHz) 1.3 3 11.4 11.4 14 30 

Nominal Luminosity (1033 cm 2 /sec) 2.6 2.2 5.1 5.3 12 0.7", 3.4 

Linac rep. rate (Hz) 10 50 150 180 300 2530",1210 

Particles/bunch( 1010) 5.2 2.9 0.63 0.65 20 0.8 

Bunches/pulse 800 125 85 90 1 1-10 

Bunch separation 1000 16 1.4 1.4 0.67 

Beam power/beam (MW) 16.5 7.26 3.2 4.2 2.4 0.8",3.9 

Damping ring energy (GeV) 4.0 3.15 2.0 2.0 3.0 2.15 

Total AC power to make rf 164 139 114 103 57 100 

Table 10.1: General parameters of the existing LC designs world-wide, which were presented in the 

TRC report lD.lfl}. 

At KEK since 1988, among other possibilities, a version of the X-band (11.424 GHz) collider has been 

most intensively studied under close collaboration with SLAC[3, 2] and, more recently, with BINP, 

Protvino. 

The general parameters of several linear colliders, including the JLC are summarized in Table 10.1. 

These elementary parameters are almost common to the two X-band linear colliders, JLC and NLC[4]. 

The critical aspects of these linear-collider designs are: 

• These collider have a single-pass collision process instead 	of a multi-pass collision process in 
ordinary ring colliders, 

• 	 Consequently, they need to focus the colliding bunches to an extremely small cross section, such 

as several hundred square nano-meters, to deliver the required luminosity. 

To satisfy this requirement, in the first stage of acceleration, a train of very low-emittance bunches 
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that are prepared by the damping ring are injected to the main linac. The main linacs are then 

required to sustain the high accelerating gradient to accomplish a high center-of-mass energy in beam 

collisions at the interaction point within a laboratory site with a realistic length. Of course, the main 

linacs need to preserve the low emittance of bunches by carefully controlling the deflecting wake-fields 

within the accelerating structure due to preceding bunches. The main linacs also have to include 

a mechanism to compensate for beam-loading effects. Extensive discussions on these requirements 

appear in [1, 3, 4]. 

The total electric power required for operating the linear colliders is quite high; it can amount 

to 200 MW. Consequently, efficient beam acceleration is of paramount importance. The energy

conversion efficiency starting from the wall-plug power to the beam, must be as high as possible. This 

must be achieved while the beam quality, such as the emittance and the energy spread, is kept within 

the limit to maintain a small beam size at the colliding point. Therefore, the beam-loading of the 

accelerating structure must be lower than the limit which is determined by the limit on the bunch 

energy spread, or the energy variation among bunches in a train. Thus, the beam-loading of the 

accelerating structure has an upper limit. Therefore, the total energy-conversion efficiency of a linear 

collider is basically determined only by the energy-conversion efficiency from the wall-plug power to 

the RF driving power at the input of the accelerating structure. 
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10.2 General Description of the X-band RF Power Source 

System 

To achieve an accelerating field gradient of rv 70 MV1m or greater in an accelerating structure with 

a shunt impedance of rv 80 MO/m, the RF power fed per unit length of the linear collider should be 

around 100 MW1m or higher. The duration of the RF pulse should be 250 nsec, which is the sum of 

the filling time (106 ns) of the structure and the time-length of the multi-bunch train which consists 

of rv 85 bunches, each separated by 1.4 nsec. 

These are absolute requirements for building a collider with ECM 500 Ge V within a reasonable rv 

site length of 20 30 km. In Table 10.2, the X-band linac parameters of the JLC main linac rv 

are presented. The most notable feature of this X-band linac is the shorter and higher pulsed RF 

driving power compared to that of the present S-band electron linacs, such as the SLAC 2-mile linear 

accelerator or the PFIKEKB injector linac at KEK [5, 6, 7]. 

In the JLC design, to provide a peak power of up to 130 MW to a unit 1.3 m-Iong accelerating structure, 

klystrons that are distributed every 4 - 5 m must feed a set of accelerating structures with an RF 

power totaling 390 MW. Clearly, such a high peak power is out of reach for a single klystron, even 

with the most advanced modern klystron technologies. In addition, the required RF pulse duration 

of 250 ns is too short to efficiently drive klystrons. The present high-voltage pulse-forming network 

with step-up pulse transformers that are used to drive klystrons can never create pulses with a rise 

time much shorter than 100 ns. Thus, the klystron modulator systems will suffer from poor efficiency 

if it were to drive klystrons with output pulses of 250 ns. 

As techniques to simultaneously solve the issues of the high-peak power requirements and the use of 

a short-pulse length at accelerating structures, a series of RF pulse-compression schemes have been 

invented. The SLED (SLAC Energy Doubler) is a pioneering example [28, 31, 29]. The klystron 

driving pulse is set to about 4-5 times longer than the llnac driving pulse. Then, the RF pulse is 

compressed so as to excite the accelerating structure with the required high peak power for a short 

period of time. 
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Parameter Value Unit 

-Energy 

Collision energy Ecm 1000 GeV 

Beam energy EJinal 500 GeV 

10 GeV 

Beam parameters - 

Number of particles per bunch N 0.70x101O 

Number of bunches per pulse mb 85 

Bunch spacing tb 1.4 ns 

Repetition frequency frep 150 Hz 

Normalized emittance at the exit of damping ring rEx/rEy 3x 10-6 / 3x 10-8 m 

R.m.s. bunch length {7z 90 /-lm 
Single-bunch full-energy spread 0.3 % 
Multi-bunch spread 0.1 % 

RF basic parameters 

Main accelerating frequency frJ 11.424 GHz 

Nominal accelerating gradient Go 73.0 MV/m 
Effective accelerating gradient1 

GeJJ 55.6 MV/m 
RF unit (number of modulator / klystron / structure) 4/8 / 12 
Peak power input to structure 130 MW 
Off-crest angle for single-bunch energy compensation2 <Prj 17.2 deg 

Single-bunch extraction efficiency 111 1.97.-v1.47 % 

- Structure parameters - 

Structure type Detuned 


Configuration 4-fold interleaved 


Accelerating mode 27r/3 

Number of cells in a structure3 150 


Structure length 1.31 m 


Average iris radius in unit of wave length4 a/).. 0.166 

range (entrance exit) O.20.-vO.14 

Filling time5 TJ 106.4 ns 

Attenuation parameter5 T 0.609 

Beam hole radius a 5.23.-v3.67 mm 

Disk thickness t 1.2.-v2.4 mm 

Group velocity vg/c 0.098.-v0.02 

Q value5 Q 6800.-v6050 
Shunt impedance5,6 r/Q 10.2.-v13.6 kO/m 
Shunt impedance5,6 r 70.-v82 110/m 
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Loss parameter 2.44",1.83 x 1014 V/C/m 

Average power loss per structure7 3.4 kW 

Dipole mode frequency 

Gaussian spread (sigma) of 1st passband 

full spread of 1st passband 

frequency tolerance 

Gaussian spread (sigma) of 6'th passband 

full of 6'th paE;sb~=tnd 

afdI/ fdl 

!:J.fdI/ fdI 

bfdl/ fdI 

a fd6/ fd6 

2.24 % 
11.2 % 

< 10-4 

0.716 % 
3.58 % 

Klystron parameters - 

Peak power Pkly 67 IvIW 

Pulse length7 Tkly 750 ns 

Cathode voltage Vk 430 kV 

Cathode current Ik 338 A 

Estimated efficiency 1]kly 45 % 
PPM 

-  Pulse compression - 

Pulse compression scheme 4/3 DLDS 

Transmission mode TEol 

Delay line diameter 118.1 mm 

79.4 39.7 m 

-- Modulator - 

N umber of klystrons to drive 

Ivfodulator configuration 

Number of stages 

Pulse transformer ratio 

Charging voltage 

Current9 

:--iU1Ttt'hlrlrr device 

-- Tolerances and acceptances IO - 

Injection energy spread ( acceptance) 

Structure misalignment toierance1I 

cell-to-cell 

structure-to-structure 

minimum ( at wave length rv60m ) 

Quadrupole magnet (random) 

between successive beam based alignments 

transverse position jitter tolerance 

field strength jitter tolerance 

2 


Blumlein 


24x2 


1: 5 


86 


1696x2 


2 

9 

6 

3 

2 

10 

0.5 

kV 

A 

% 

11m 

11m 

11111 

11m 

nm 

% 
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Linac 
Number of DLDS units 561 
Number of klystrons I beam 4485 
Number of structures I beam 6727 
Number of DLDS units per DLDS period 6 
Active length of main linac I beam Lace 8.81 km 
Packing factor 79.2 % 
Total length I 2 linacs 22.3 km 
Average beam power I beam 7.14 :MW 
Assumed efficiency from AC to structure input 28 % 

2 linacs 234 11W 

1: 	net accelerating gradient including single-bunch 

and multi-bunch energy compensation 

2: average over the whole linac 

3: including input and output coupler 
54: averaged being weighted by a- 3. 

5: assuming 95% of the theoretical Q value 

6: accelerator definition 

7: at the nominal gradient without beam 

8: including switching time of DLDS; (10+230+10) x 3 

9: driving two klystrons 

10: 	based on the criteria of 25% emittance growth 

in the linac 

11: 	based on the random offset which is constant 

over each alignment length 

Table 10.2: 500GeV X-band JLC main linac parameter. 

Considering these conditions, the most probable X-band RF power system that is presently believed to 

be a good RF power source for the next generation of linear colliders has a block-diagram as illustrated 

in Figure 10.1. 

In these X-band RF power-source systems: there are several important differences from a traditional 

S-band electron linac RF power source. 

The most significant difference is clearly the higher accelerating gradient of 50 l\IIV1m in these X-band 

linear colliders. To achieve this higher gradient, the X-band RF power system is required to supply 

shorter and higher peak RF pulses compared with those of the S-band system. This requirement 

imposes a notable change in the RF power system of the X-band linear colliders [20]. Since the energy 

consumption of a future collider is considered to reach several hundred 11W: as noted above, it is 
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Accelerating 
Structures 

Modulator 

RF Pulse 
Compression 
System 

Figure 10.1: Block diagram of the X-band RF power-source system. A conventional configuration 

with a modulator, a klystron and an RF pulse-compression system. 

quite important to supply these RF power with a high conversion efficiency. Thus, two major features 

were introduced to the X-band RF power system for JLC: 

First, the introduction of the RF pulse-compression stage. This is to compress the klystron RF output 

pulse to be shorter by about a factor 4. This is due to the fact that the X-band RF power system has 

to deliver about a factor of 4 shorter RF pulse than the S-band system. 

Second is the introduction of a Blumlein-type pulse-forming network as the driving pulser of the 

klystron [9, 10]. In the following sections, these design aspects of the X-band RF power source system 

of the X-band linear colliders are described in more detail. 

10.3 	 X-band RF Power Source System for the JLC Main 

Linacs 

10.3.1 	 Energy-Conservation Issues 

In modern large-scale accelerators for high energy physics experiments, the electric power-consumption 

problem sometimes limits the scale of the machine. Even in the TRISTAN e-e+storage ring at a 

moderate energy of 30 GeV per beam, more than 50 IvIW of electricity was used in total, and most 
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of that was consumed to produce the RF accelerating power to compensate the beam energy loss due 

to synchrotron radiation from the beam. 

As shown in Tables 10.1 and 10.2 the total electric power of a typical 500 GeV center-of-mass linear 

collider exceeds 100 MW, and at or over 1 TeV center-of-mass energy, overall electric power required 

for the main linac RF power system will be larger than 200 MW. This magnitude of electric power 

could support a modern city having a population of several hundred thousand people. Therefore, 

considering this problem from social points of view, one of the most important issues in the design of 

the RF power system for a linear collider in the sub-TeV to TeV energy region is the energy-conversion 

efficiency from the wall-plug to useful RF power (see Figure 10.2). In each stage of the RF power 

system from the wall-plug to the linac input, the energy conversion process necessarily has some 

energy loss, and this loss should be suppressed to be as low as possible. 

Charging Blumlein X-band RF Pulse 
Power 
AC Plug 

PFNSystem Klystron Compressio....r---
96% 80% 45% 95% 

Linac 
Structure 

Figure 10.2: Energy conversion efficiencies at each stage in an RF power system. 

The proposed X-band RF power-source system for the JLC main linac is sketched in Figure 10.3; its 

energy conversion efficiency in each stage is also summarized in this figure. The main parts which 

determine the overall efficiency are considered to be as follows: 

1. A modulator consisting of a pulse-forming network and a step-up pulse transformer, 

2. A klystron, and 

3. An RF pulse-compression system. 

In the sections below, energy-efficiency characteristics of these 3 stages mentioned above are discussed, 

since these three stages mostly determine the overall energy conversion efficiency of the system and 

furthermore, other stages, such as the DC charging system and RF power-transfer stage, already 

have a rather high conversion efficiency of over 90 %, and, consequently, could have only a minor 

contribution on the overall efficiency. Thus, relatively and practically they have no room for the 

possibility of further improvements. 
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<3) Motor Generator 

Plug Power 

® AC to DC charging 

RF reference line 

Phase switch 

® Modulators 

o Pulse Transformer 

® Eight klystrons 

®4/3DLDS 

79.4m delay line 

39.7m delay line Beam 

Four interleaved structures 

Figure 10.3: JLC RF power-source system configuration (1) Stabilized Motor Generator (300 Hz, 

10 MW/unit, 84 kV, 0.2% stability). (2) AC charging system (Direct AC charging, IVR(50(?)-105%), 

Command Charging System (Also as a Protection system)). (3) Pulse Forming Network (Blumlein 

type PFN) (86 kV, 900 ns, 150 pps, Thyratron SW. tube, 2-klystrons/1-PFN). (4) Pulse Transformer 
(Step-up ratio 1-5, 2nd Vout 430kV, 150pps. 2-klystrons/1-P. T.). (5) X-band Klystron (1.2 micro-P, 

651VIW, 45%). (6) RF pulse-compression system (4/3-DLDS system, 250 ns output pulse, 80 m and 

40 m Delay Lines). (7) RF Power distribution system (3 dB hybrid, waveguide and mode converters, 

RF monitor system) 

10.3.2 Issues with the X-band RF Power System 

As briefly described in the preceding sections, it is widely believed that the next generation of electron

positron linear colliders could be constructed as the conventional-type linacs. 

The high-power RF technologies applied to these X-band colliders should be designed as a natural 

extension of a present S-band RF power source, which is essentially based on the currently available 

pulsed high-power RF technologies. These S-band high-power RF technologies have been well estab-
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lished through their long histories since the start of electron linacs and still has the potential to satisfy 

the specifications required for the X-band linear colliders. 

However, the X-band RF power system necessarily has many different characteristics compared with 

these present S-band technologies, which may need some important change on its technology. As 

already described in the preceding sections, one of the most distinguished and also important point 

concerning these differences is the fact that at X-band the RF pulse duration, which covers the sum of 

the structure filling time and the bunch train duration is at most one fourth of that of ordinary S-band 

linacs. Therefore, this shorter pulse requires some significant changes in the X-band high power pulse 

system, especially in a klystron driver and an RF power-distribution system from a klystron to the 

linac accelerating structures. 

10.4 DC Charging System for Modulators 

The charging circuit of the modulator, which charges up the pulse-forming network, is usually the 

resonant charging circuit [6]. To stabilize the charging voltage within the necessary range for a stable 

operation of the linac, a de-Q'ing circuit is usually applied. This circuit bypasses the charging current 

when the charged voltage of the capacitance reaches a specific voltage. A typical charging-circuit for 

a line-type pulser consists of an AC DC power supply, a capacitor bank, a charging chalk, a charging 

diode or a command charging SCR controller, and, finally, the de-Q'ing circuit that regulates the 

charging voltage of the PFN capacitors. This kind of charging system has a long history, and is 

considered to be a possible choice of the charging system for future colliders. This charging and 

voltage-stabilizing system can be designed as a rather independent stage from the rest of the RF 

power system, and several schemes could be considered as possible candidates that could fulfill the 

specifications for klystron drive [9]. 

One possible example of a stabilized DC-charging system for the klystron driver, such as a PFN, 

is a simple AC charging system [9]. In this system the AC power line at a frequency of 300 Hz is 

supplied by a motor generator system that is stabilized by a large fiy-wheel which can absorb a load

current change. This kind of stabilized AC power supply has once been widely used as the magnet 
power supply for rapid-cycle ring accelerators, such as synchrotrons. Figure 10.4 shows a conceptual 

illustration of the charging circuit with the 300 Hz IVR voltage adjuster. 

The technologies required for this AC charging system are well established. The high stability of the 

fiy-wheel system simplifies the charging system by eliminating the voltage stabilizer system, such as 

the de-Q'ing system [6, 9]. The energy efficiency of this charging system is excellent; it is typically 

higher than that of the ordinary DC power supply and a resonant charging system with the de-Q'ing 

circuit. At frequencies higher than 300 Hz, all electric power systems can be designed in more compact 

ways than that for an ordinary 50 Hz power line. The following are the distinctive points of this AC 

charging system: 
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Blumlein 
300 Hz PFNIVRM.G. + 

1-------1 SW. Tube 

1..-___ Pulse Klystron 
Transformer 

Voltage 

PFN 

AC 
Voltage 

Time 

Charging 

Figure 10.4: Simplified diagram of a charging circuit. 

1. 	 For 150 pps operation of the main linac, the lowest frequency of the fly-wheel system should be 

300 Hz. 

2. 	 The power, which is adequate to be handled by a unit power system, is around 10 MW. Each 

system will handle about 1 km of the main linac. 

3. 	 Each RF power unit consisting of 8 klystrons should have an adjustable cathode voltage in 

the range of 100 - 30 %. This is to cope with situations where a power-unit swap is made, or 

conditioning procedures are being made. 

4. 	 The linac system can be controlled in synchronizatio:q. with the power supply frequency of 300 Hz. 

5. To provide 	uninterrupted service in the case of a faulty unit or scheduled maintenance, the 

system must include one or two reserve units. 

6. A 	command-charging system driven by a thyrister switching device can be applied, instead of 

the usual charging diode. This circuit can also work as a protection system in case of faults of 

switching-tubes. 

7. 	 Stability of the output voltage. As pointed out earlier, since the fly-wheel system is sufficiently 

stable, the de-Q'ing system can be eliminated. 

8. Choice of frequency. Probably between 300-1000 Hz. The choice of the core material of the 

transformers for the selected frequency needs to be examined. 

This AC charging system is relatively simple, and all technologies necessary for it are presently well 

established; therefore, in this report further details are not presented. 
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10.5 Klystron Modulators 

10.5.1 Introduction 

A high-power pulsed klystron at the S-band is usually driven by the combination of a Pulse-Forming 

Network (PFN) and a step-up pulse transformer [6, 9]. This klystron-driver system has a long history 

since an S-band electron linac was constructed as a tool for high-energy physics experiments [5]. Since 

then, as a driver of a klystron, this combination has been practically utilized in all high energy electron 

linacs at the S-band [6, 7, 41]. 

Although, this combination guarantees very reliable and stable operation as a pulsed klystron driver, 

in the JLC X-band RF systems, several improvements are necessary. As described in the previous 

sections, an X-band linear collider requires a far shorter RF pulse duration than that of any existing 

S-band electron linacs. Most S-band pulsed RF power sources are operated with a modulator pulse 

duration of several micro-seconds. On the other hand, the klystron driving pulse at X-band linacs 

must be as short as a quarter of such S-band driving pulses, and must be as short as, or sometimes 

even shorter than, 1 J.Ls. This short pulse prevents a straightforward application of the conventional 

type PFN with a step-up pulse transformer, since its rise and fall times can not be made short enough 

to sustain high efficiency. 

In the light of increasing the power efficiency, it is desirable to entirely eliminate the modulator and to 

drive the klystron by means of anode modulation, a gridded cathode gun, or also by means of direct 

switching tubes (Hard Tube Pulser). They could all achieve faster rise and fall times than an ordinary 

modulator based on a step-up pulse transformer [36, 37, 40]. These teehnologies have a long history, 

and, in some cases, were very successful [9]. 

At present, a hard tube pulser which drives a 20 MW class klystron is being tested at DESY for their 

S-band linear collider [40]. Although this pilot study has been successful, this kind of klystron driver 

still has difficulties in switching high-voltage tubes and the development of a 500 kV-class switching 

tube may require a rather long lead-time. 

A gridded-cathode type klystron has been under development at BINP since the early 1980's [36, 37]. 

It could achieve a peak output power of 80 MW at 14 GHz. However, again, this new technology 

faces many challenges, such as a lifetime problem of the gun and the cathode configuration. This gun 

configuration especially has difficulty concerning its grid, which, by requirement, is positioned close 

to the cathode surface. There, issues of grid contamination by evaporation of the cathode materiel 

and an inevitable high-voltage insulation problem still remain to be solved. 
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10.5.2 Conventional PFN modulator 

A conventional modulator having a pulse-forming network with a step-up pulse transformer has a 

long history of driving high-power pulsed klystrons since the start of the pulsed RF power technology. 

Even in modern electron linacs, this configuration is the standard method as a klystron driver [8]. 

Therefore, it is widely believed that this conventional modulator with a pulse transformer is the most 

promising system if its efficiency could reach an acceptable level, such as 70-80 %, in terms of the 

klystron beam power made available for RF pulse with respect to the wall-plug power. 

A modern standard modulator usually consists of two main components: a pulse-forming network 

(PFN) with a switching tube, and a step-up pulse transformer [7]. Naturally, it is desirable to directly 

connect a klystron to the output of the pulse-forming network, without going through a step-up pulse 

transformer. Unfortunately, current high voltage pulse technology can not produce such a high-voltage 

pulse directly. Thus, a pulse transformer with a 1:15 step-up ratio is usually inserted between PFN 

and a klystron that requires cathode pulses of 400 - 600 k V. 

It is well known that in this configuration, the rise and fall times of the klystron cathode voltage are 

mainly determined by the time constant of the pulse transformer [71. The losses in this area can be 

discussed in two portions. The first one is the efficiency from the wall-plug to the stored energy in the 

PFN through the high voltage transformer and a rectifier. The second one, which is very dependent 

on the circuit design, is the energy-transfer efficiency from the stored PFN energy to the flat top 

portion that is available as the klystron pulse. 

Figure 10.5 shows a simplified equivalent-circuit diagram for a step-up pulse transformer and a 

klystron. In this circuit, the klystron is represented by a resister Rk and a capacitance Ck . Although 

the resistance of the klystron generally changes according to the cathode voltage, in this chapter it is 

simply represented by a constant resistance at the fixed operating voltage of the klystron [8]. 

n 

Load 
(Klystron) 

Figure 10.5: Equivalent circuit for a pulse transformer and a klystron. 

The rise time Tr of this circuit is limited by the time constant determined by the leakage inductance 

Ll and the distributed capacitance Cd, as follows: 

(10.1) 
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In turn, the leakage inductance and the distributed capacitance of the pulse transformer are both 

determined by the geometry of the transformer. The secondary winding is separated by a gap of 

d in order to assure the insulation, since the secondary winding is raised to the high potential of 

the klystron cathode. To decrease the volume between the two windings, the secondary winding is 

usually tapered from the bottom to the top of the winding in proportion to the voltage difference. 

The leakage inductance is determined by the magnetic flux which is induced in the volume between 

the primary and secondary windings. The magnetic field between the primary and secondary can 

be approximated by an infinitely long solenoid field for the present discussion. Then, the leakage 

inductance is represented by 

(10.2) 

where lw is the winding length and n the step-up ratio of the pulse transformer, a is the circumference 

of the coil, and d is the distance between the primary and secondary windings. The distributed 

capacitance is proportional to the winding surface area, and is inversely proportional to the distance 

d: 

(10.3) 

The high-voltage pulse transformer is usually immersed in the insulation oil with a dielectric constant 

of €. 

Substituting Cd and Ll into the previous equation, the time constant of the pulse transformer is given 

by 

(10.4) 

Thus, the time constant Tr is directly proportional to the step-up ratio n, if the rest of the circuit 

elements, other than that of the pulse transformer, is neglected. In a real system the capacitance 

of the klystron Ck should be taken into account. Capacitance Cd in the equation above should be 

replaced by (Cd+Ckn2). Since Ck is determined by the gun geometry of the klystron and the potential 

distribution of its surroundings, such as an oil tank, and shielding electrodes, this capacitance Ck is 

independent of the choice of the step-up ratio n. 

Another factor which affects the time constant is the inductance of the klystron, itself, which should 

be added to the inductance L/. While it may increase the time constant, when compared to the 

capacitance of the klystron, this inductance generally has a smaller effect on TTl and can be mostly 

neglected in these considerations. 1 

On the other hand, the capacitance of the klystron is first determined by its perveance, and second by 

the dimensions of the gun-support structure, including the insulation ceramics and their geometrical 

configuration relative to the surrounding ground-potential parts such as the tank wall. Therefore, 

this parasitic capacitance of the klystron usually can not be negligibly small compared with the 

1When the pulse transformer is driven by a pulse, an electro-magnetic wave propagates in the TEM mode along the 

secondary winding conductor. This propagation time determines the rise time of the transformer. By comparing the 
order of the length of the wiring from the pulse transformer to the klystron with the length of this secondary winding, 

it is readily seen that the effect of the length of the connection from the secondary to the klystron can be considered to 
be much smaller than this secondary-winding effect. This picture is valid as long as the propagation of the TEM mode 

wave is concerned. 
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stray capacitance of the pulse transformer, and must be included in the above discussions. However, 

following conclusion is still valid. 

The time constant of the transformer is directly related to the step-up ratio of the pulse transformer, 

and is proportional to the step-up ratio n. It is quite simple that the energy efficiency of the klystron 

driver is improved by decreasing the step-up ratio of the pulse transformer. To realize this condition, 

the most important point to note is the fact that high-voltage circuit elements, especially the thyratron 

switching tube and capacitors, are vital parts of the PFN, and their high-voltage limit is the most 

important (and difficult) issue to overcome. Therefore, the application of the Blumlein circuit is an 

effective improvement measure, since this circuit configuration can double the output voltage of the 

PFN with the same charging voltage at its capacitances. A brief consideration of the application of 

this circuit to the modulator is discussed in the next section. 

10.5.3 Blumlein PFN modulator 

As briefly discussed in the previous section, the rise and fall times of a modulator are mainly deter

mined by the stray capacitance and leakage inductance of the pulse transformer between the pulse

forming network (PFN) and the klystron. It was also concluded that to shorten the rise and fall times, 

and, consequently, to increase the modulator efficiency, it is effective to raise the primary voltage of 

the transformer, thus relaxing the step-up ratio of the pulse transformer [6, 10, 2, 11]. 

The Blumlein-type configuration is an arrangement where two identical PFN's are connected to each 

other through the output load. In our case the load is the pulse transformer, whose secondary winding 

is connected to the klystron load [8]. As stated in circuit theory, a PFN is a cascaded chain of low-pass 

filters. 

It is well known that this Blumlein configuration can double the output voltage compared to the 

ordinary single-stage PFN [8]. This type of PFN has the advantage of introducing no new high

voltage components such as a thyratron and a capacitor,' for doubling the output voltage. The rise 

and fall times of the PFN are determined by the delay time per stage, and usually the rise time of the 

PFN is chosen to be about 2-3 times the stage delay time to achieve a moderate rise time without any 

harmful overshoot at the head of the pulse. The parameters are given in Table 10.3 for the case of a 

PFN comprising 24 stages. The main parameters, such as capacitance and inductance, are all within 

the reach of the commercially available parts, and no significant problems are expected concerning 

this PFN. All circuits, including the switching tube and the charging chalk, are to be set in one large 
oil tank, so as to compactify the construct of the modulator while maintaining good high-voltage 

insulation. 

A circuit diagram of the 100 MW-class Blumlein modulator is shown in Figure 10.6. The primary 

winding of the pulse transformer is connected at the potential of the charging voltage while charging 

the PFN capacitors. In a standard Blumlein-type PFN, the primary winding of the pulse transformer 

is usually kept at the ground potential during the charge-up period. This circuit configuration was 

chosen because the capacitance and inductance shown in Table 10.3 are rather small, and stray 
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Klystrons XB72kx2 XB72kx1 

Charging voltage 113.2 kV 113.2 kV 

Current 5110 A 2555 A 

Impedance 11.0 n 22.15 n 
Inductance 2.305 x 10-7 H 4.61 X 10-7 H 

Capacitance 1.88 x 10-9 F 0.939 X 10-9 F 

Stage number 24 x 2 24 x 2 

Total capacitance 90.24 x 10-9 F 25.1 X 10-9 F 

Delay time / Stage 20.8 ns 20.8 ns 

Total delay 1000 ns 1000 ns 

Pulse energy 578 J 289 J 

Rise time 60 ns 60 ns 

Table 10.3: Blumlein PFN parameters. 

L 101 - 113 

de-Q 

Tr Dch 

C101 - 112 

II[ 

Figure 10.6: Blumlein pulse-forming network (circuit diagram). 

capacitance and the stray inductance caused by the wiring and their geometrical size effects are large 

in comparison. In this circuit configuration the primary winding of the pulse transformer is kept at 

the charging potential. All of the ground line can be kept at the ground potential through the whole 
period of its pulse operation. 

On the other hand, in the standard configuration of the Blumlein circuit, the primary winding of 

the transformer, which is kept at ground potential during the charging period, inevitably changes its 

potential once the pulsing operation begins. Thus, the standard-circuit configuration is apparently 

more sensitive to stray capacitance and inductance of the ground line, itself, because these values can 

not be made as negligibly small compared with those of the circuits constant. This circuit configuration 

requires that the primary winding of the pulse transformer should be insulated from the iron core by 

the potential of the charging voltage. However, since this insulation distance is far shorter than that 

of the secondary winding, this constraint introduces no significant difficulties, such as an increase in 
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the stray capacitance and the leakage inductance. 

10.5.4 Pulse transformer 

The pulse transformer for the system usually limits the rise and fall times of the driving pulse. As 

described in an earlier part, the rise time of the PFN, itself, is determined by its number of stages; 

it is relatively easy t.o shorten this rise time by increasing the number of stages so as to make the 

delay time per stage shorter. Thus, the rise time of the PFN, itself, could be shorter than 60 ns, as 

shown in Table 10.3, without any substantial difficulty. On the other hand, the rise and fall times 

of the pulse-transformer are determined by several parameters of the pulse-transformer design, and 

also by the additional capacitance and inductance of the loads in the secondary circuit, i.e. in this 

case the capacitance and inductance that are added by the klystron and its socket configuration. 

Therefore, choosing the parameters of the pulse transformer is a rather cumbersome and empirical 

process. Figure 10.7 shows a photograph of a 1:7 pulse transformer for verso 1 and 2 Blumlein 

prototype modulators. The primary winding is set to be floating. In this section, an outline of the 

design of the pulse transformers is presented. 

Figure 10.7: A 1:7 pulse transformer for veJ.'s. 1 and 2 Blumlein prototype modulators. Tlle primary 

winding is set to be floating. 

As mentioned earlier, the primary winding of this pulse transformer is kept. at the charging volt.age 

during the charging period in order t.o keep the ground line potential throughout the pulsing operation. 

This rather specific feat.ure does not introduce any new restriction to the design. No degradation, 

such as an increase in the leakage inductance or stray capacitance in the transformer, is expected 

to be introduced by the constraint of the primary potential. Thus, the pulse transformer of the 

JLC X-band RF power system can be designed as a conventional-type without requiring any new 

technology or development of a new material. One example of the design is shown in Table 10.4. As 
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shown in this Table, a commercially available core material, 1 mil-thick Si-Fe sheet, has a satisfactory 

quality to achieve a pulse rise time of 160 ns with sagging of 2 % due to the pulse transformer. This 

sagging is well within the limit that can be easily compensated by the tapering technique of the 

pulse-forming network circuits. Other parameters, such as several kinds of losses and size, are all set 

within a practically satisfactory range. In general, pulse transformers are one of the parts that can 

be constructed without requiring any new technology. Therefore, no further detailed discussion of the 

pulse transformer is presented. 

Rep. Rate 

Secondary output 

Flat top 

Sagging 

Impedance (Pri. ) 

Impedance 

Step-up ratio 

Rise time 

Fe core cross section 

!:l.B (w. Bias I) 

Fe-Si sheet 

Bias Current 

Primary Inductance 

Capacitance 

Leakage Inductance 

Hysteresis Loss 

Joule Loss 

Current Loss 

150 pps 

430 kV 

800 ns 

2.2% 

25.5 n 
636 n 
1 - 5 (3 - 15 turns) 

160 ns 

144 cm2 

17.2 kG 

25/-tm 

(25 A)? 

460/-tH 

4 nF(total in primary) 

897 nH 

Table 10.4: Parameters of the 1-5 pulse transformer for driving two units of 65 MW klystrons. The 

hysteresis loss, Joule loss and Eddy current loss have not been fully examined. 

10.5.5 Prototype Blumlein modulator, Verso 1 

The vers.1 Blumlein modulator was the first test model to be built [12, 13]. The general set-up of this 

Blumlein is very similar to that of a standard single-stage PFN, which is widely used in S-band linacs. 

The PFN circuit components of the vers.1 Blumlein are operated under atmospheric condition, while 

the pulse transformer is located inside of an oil tank. 

In the initial configuration the PFN of this modulator consisted of a 9-stage ordinary PFN network 

(case 1). Testing under this condition was performed with a HV up to 500 kV, while being loaded 

with high-voltage resistors. After this initial test, the number of PFN stages was increased to 13 so 

as to produce longer pulses (case 2). Under this condition, testing was again performed with HV up 
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to 500 kV, but loaded with a XB72K klystron tube. In the following, the results from these tests are 

presented. 

Case 1: With a Resistor Load 

The PFN circuit parameters and the parameters of a 1:7 step-up transformer are given in Table 10.5. 

A test operation was made with this 1:7 step-up transformer. 

PFN parameters 

Impedance 23 n(11.5 nx2 lines) 

Charging voltage 80 kV 

Pulse width 700 ns (full width) 

Number of stages 9 stages x 2-lines 

Inductance / stage 460 nH 

Capacitance / stage 3.5 nF 

Pulse transformers 

Step-up ratio 1:7 

Leakage inductance 830 nH 

Stray capacitance 4 nF (including klystron) 

Hysteresis loss 100 W (at 200 pps) 

Eddy current loss 1 kW (at 200 pps) 

Rise time "-1100 ns 

Fall time "-1200 ns 

Sagging 2.0 % (500 ns flat top) 

Core material 25 Si-Fe sheet 

Table 10.5: Parameters of the PFN and the pulse transformer for the case 1 testing of the vers.1 

Blumlein modulator. The values correspond to the measu,rement as shown in Figure 10.9 (A). 

Capacitors from two vendors (one Japanese; the other, Maxwell of U.S.) were tried in the PFN circuit. 

The Maxwell capacitors allowed a faster rise time of 280 ns; with Japanese capacitors the measured rise 

time was about 330 ns. This difference is considered to have originated from the smaller inductance of 

the American capacitors. Figure 10.8 shows a photograph of the installation work of the HV capacitor 

bank for the Blumlein modulator prototype. 

Figure 10.9 shows the wave form from this test, indicating a rise time of 280 ns. It shows a light 

sagging on its flat-top portion and a light overshoot at the head of the pulse. However, regarding the 

rise time, the measured wave form was found to be in good agreement with a simulation obtained 

from the SPICE code, which is shown in Figure 10.10. 
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Figure 10.8: Installation of the HV capacitor bank for the Blumlein modulator prototype. 
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(A) 

200 ns/div 

(8) 

200 ns/div 

Figure 10.9: Observed output pulse in a high-power test of the vers.1 Blumlein modulator. (a) A 

1:7 pulse transformer is used with a 1 kW lligll-voltage resister load. (b) A 1:8 pulse transformer witIl 
a XB72K klystron as tile load. 
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Figure 10.10: Simulated output pulse shape according to a simulation using the "SPICE" code for 

the 1-7 pulse transformer case. This calculation is to be compared with the measurement shown in 

Figure 10.9 (AJ. 
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Case 2: With a Klystron Load 

Figure 10.11: Version-1 Blumlein modulator during testing, loaded with an XB72K klystron. 

Loaded with a XB72K klystron, a high-voltage test of the vers.1 Blumlein modulator was performed 

with a HV up to 530 kV. To provide a longer flat-top pulse to drive the klystron, the pulse transformer 

was rewound so as to have a 1:8 step-up ratio; the number of stages was increased from 9 to 13. The 

PFN impedance was adjusted so as to cope with this revision by changing the circuit inductance. In 

a test with XB72K #6 and #7 tubes as the load, a rise time of 300 ns was achieved, exceeding the 

performance of other conventional-type PFN's. Figure 10.11 shows the version-1 Blumlein modulator 
during testing, loaded with an XB72K klystron. 

Figure 10.9(B) shows the output pulse shape from this test, loaded with a XB72K klystron. The 

shoulder of the pulse is somewhat dull. This is probably due to stray capacitance of the klystron 

and transformer. Apparently, the choice of the step-up ratio of the transformer is quite important to 

achieve a rise time of 200 ns or less. An additional careful investigation of the stray capacitance of 

the klystron and transformer is also necessary. 

Vers.1 Blumlein: Present and Future 

The vers.1 Blumlein presently serves in the test station for XB72K-series klystrons. It is typically 

operated within an output voltage range of 300 - 530 kV at 10 - 50 pps. Operation during the past 

year (1996) was successful, except for a minor annoyance due to a mis-operation of the interlock circuit 
due to thyratron noise. This is being treated. 
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10.5.6 Prototype Blurnlein modulator, Verso 2 

Based on the operational experience with the vers.1 Blumlein modulator, a new oil-tank version of 

the Blumlein modulator (vers.2) was designed and built. The charging chalk, PFN's and thyratron 

switching circuits are all located inside of one big oil tank. This allows the circuit components to 

be made significantly smaller than in the case of the vers.1 Blumlein modulator. It also makes it 

much easier to control the stray capacitance, parasitic inductance and coupling between the coils that 

usually degrade the performance of the PFN circuits. A picture of the vers.2 Blumlein is shown in 

Figure 10.12. Its basic parameters are listed in Table 10.6. 

Figure 10.12: A picture of the vers.2 Blumlein modulator. 
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PFN parameters 

Impedance 23 n(11.5 nx2 lines) 

Charging voltage 80kV 

Pulse width 700 ns (full width) 

Number of stages 16 stages x 2-lines 

Ind uctance / stage 252 nH 

Capacitance / stage 1.9 nF 

Pulse transformers 
Primary voltage 

Primary current 

Secondary voltage 

Secondary current 

Step-up ratio 

Primary impedance 

Repetition rage 
Pulse width 

Rise time 

Fall time 

Primary inductance 
Sagging 

Leakage inductance 

Stray capacitance 

Hysteresis loss 

Core material 

Bias current 

80 kV (while charging) ±40 kV (operation) 


3478 A (peak) 


560 kV 


497 A 


1:7 

23 n 
50 pps 
400 ns (flat top) 

110 ns 

150 ns 

560 l1H 

< 2.0 % (with 25 A bias current) 

< 1.2 I1H 
0.434 nF (Primary-secondary) 


100 W (at 200 pps) 


25 11m Si-Fe sheet 


max 30 A 


Table 10.6: Parameters of the PFN and the pulse transformer for the case-1 testing of tile vers.2 

Blumlein modulator. 
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Preliminary Results from the vers.2 Blumlein Testing 

Low-voltage testing of the vers.2 Blumlein modulator was conducted by using an FET switching 

circuit, instead of a thyratron. A load resister was attached to the secondary terminal of the 1:7 

setup-up pulse transformer. In these tests the inductance coil in the PFN was changed to the double

parallel type for improved inductance trimming. All low-voltage test operations were performed in an 

atmospheric environment. 

A high-voltage test of this vers.2 Blumlein modulator was also conducted, but without using oil. For 

this test, the load resister was replaced by a high-voltage resister built by Tokai-Konetsu Co. A 

charging voltage of around 5 kV was applied, resulting in about 35 kV at the secondary. The rise 

time of the output pulse in this condition was measured to be 200 ns (10 - 90 % ). After conducting a 

few more similar tests and trimming of the PFN for an improved flat-top width and faster rise time, 

a full-voltage test of this modulator in the oil tank is scheduled for Spring, 1997. 

Figure 10.13: Output pulse shape from the vers.2 Blumlein modulator (oil-tank type) in a low

voltage test. This test was performed in the atmospheric environment. Switching was done by a 

thyratron. Tile charging voltage was 8.8 kV. The horizontal axis gives the time with 200 ns/div scale. 

Figure 10.13 shows the output pulse shape in the low-voltage test. The best measured rise-time was 

180 ns (10 - 90 % ). The pulse shape was fairly flat. All low-voltage test operations were performed 

in an atmospheric environment. Overall, the results obtained in the low-voltage condition were quite 

satisfactory, and no further low-voltage measurements are considered to be necessary. It should be 

noticed, however, that these tests ,,,ere performed in an atmospheric environment. Therefore, the 

rise time obtained here should be considered to be the fastest limit, due to the relatively small stray 

capacitance in the system compared to that in an oil environment. 
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10.5.7 R&D on Blumlein Modulators in the Immediate Future 

As described in the preceding sections, the Blumlein-type PFN was proved to be a promising tech

nology for the JLC klystron drivers. In the R&D plan for the future, the following issues are to be 

considered: 

1. 	 Attempts should be made to reduce the step-up ratio of the pulse transformer. This requires 

an increase in the charging voltage. A charging voltage of 120 k V is considered the practical 

limit of the currently available commercial thyratrons. The results obtained in our experiments 

with vers.1 and vers.2 Blumlein modulators indicate that charging with 120 kV is sufficient for 

accomplishing an adequate rise-time performance. In this case, the step-up ratio of the pulse 

transfer would be 1:5. Going beyond a charging voltage of 120 kV will require new R&D work 

on the thyratron itself; this is considered to be somewhat out of reach. 

2. 	 A further inspection of the stray inductance and capacitances at the secondary of the pulse 

transformer should be made. An improved trimming of the stray capacitance needs to be 

incorporated into the design, while taking the klystron cathode configuration into account. 

Within the klystron the size of the bottom portion near to the heater transformer should be 

reduced. This can be done by applying a direct feed without using a transformer. 

3. 	 Parallel driving of the 2-klystrons by a single modulator should be considered for the final design 

of the JLC. This arrangement is likely to allow a saving of the construction cost, and to relax 

the space problem within the accelerator housing. Due to the lower impedance of the PFN in 

this case, a shorter rise time can be expected. 

Since the 4/3-DLDS requires 8 klystrons, which should be located at the same position, this 

double-drive configuration is especially suitable for the 4/3-DLDS. 

Considering these factors, the next step is to design and fabricate a JLC prototype Blumlein with a 1:5 

pulse transformer that drives two 65 11W klystrons. We will proceed with this stage after completing 

high-voltage tests of the present oil-tank type Blumlein (vers.2). 
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10.6 X-Band Klystron 

10.6.1 X-band Klystrons as the Main Linac Power Source 

X-band klystron is the most vital part of the RF power system that drives linacs. The history of 
the high-power pulsed klystron parallels that of electron linacs. The basic technologies of pulsed 

high-power klystrons at the S to X-band, 3 ,....., 10 em wave range, have seen significant progress 

during the past decade. The X-band klystrons, which can fulfill the minimum requirements as the 

RF power source for a linear collider, are c~rrently believed to be within reach of the present klystron 

technology. A typical operational result of the SLAC XL4 klystron is shown in Figure 10.14 [4] (also, 

see [14, 15, 16, 17]). 

XL-4 Klystron Test, 211/96 
Efficiency 47.50/0 
Gain 53.6 db 

Output 
Power 

75.3MW 

5·96 
8047A602 0.5 J.Ls/div 

Figure 10.14: High-powered test of the SLAC XL-4 klystron. Output power, 75.3 MW. Pulse 

duration, 1.1 J-tsec. 

For the first-phase operation of JLC main linacs, the primary candidate for use as its power source 

is 80 MW-class X-band klystrons driven at 65 MW peak output power with a pulse length of 800 ns. 

The parameters required to be achieved by these klystrons are summarized in Table 10.7. 

The current R&D efforts for the X-band klystrons are thus focused on 80 MW-class tubes. Specifically: 

1. 	 High-power klystrons with an output peak power of 65 MW, first with conventional focusing 

solenoid, and eventually with PPM (periodic permanent magnet) focusing. This is the highest 

priority item. 
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Operating frequency 

RF pulse width 

Repetition rate 

Peak power output 

RF efficiency 

Cathode heater power 

Beam voltage 

Beam current 
Beam Impedance 

Focusing field 

Solenoid power 

Microperveance 

Peak drive power 

Gain 

Ceramic windows 

Output Cavity 

11.424 GHz 

800 ns 

150 pps 

65MW 

45% 

500 W 

430 kV 

338 A 
1271 ohm 

6.5 kG(lvlax.) 

1.5 kW (SCM) 

1.2 micro perveance 

1 kW(?) 

> 53 dB 

1 or 2- "Otake" TEll windows 

5 or 7 cell TW 

Table 10.7: Specifications of the 65 MW X-band klystrons for the current JLC design. 

2. 	 Design studies of the tubes as part of the RF power source system, including matching aspects 

with the PFN and pulse transformers. Efforts need to be made to reduce the capacitance of 

the gun structure so as to achieve a faster rise time of the power pulse for better operational 

efficiency. 

3. Development 	of a super-conducting solenoid coil based on a high-Tc material as the strong 
focusing of electron beams within the tube. 

4. 	 R&D on a VLEPP-type gridded gun structure. 

Efforts are under way at KEK for R&D of an 80 MW-class X-band klystron, named XB72K [22,21, 

24, 23]. Its specifications are summarized in Table 10.8. The test results that have been obtained in 

high-voltage tests since 1992 are also given in the same table in the far right column. 

10.6.2 Gun Design of XB72K 

The gun of the XB72K was designed, based on past experience involving several 60 MW-class S-band 

klystrons, including model 5045 (SLAC): and the KEK 30 MW-class klystron (XB50K) [18, 19]. The 

XB50K was tested once up to 480 kV. The experience obtained with the 80 :MW-class S-band klystron, 

built by Toshiba Co., was also taken into account. The basic parameters, such as the cathode loading, 

maximum surface field stress on the anode and beam-area compression factor, were all designed to stay 

within a factor of 1.5 of the existing S-band klystrons. Table 10.8 summarizes basic gun parameters. 

The values of these parameters are considered to be a natural technological extension of the present 
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Beam voltage 620 kV 

Beam Current 490 A 550 A 
:Max. surface field(Gun) 273 kV/cm 
Beam area compression 110- 1 

Cathode diameter 72 mm 

Cathode loading (lvlax. ) 17 A/cm2 

Focusing field (:NIax. ) 6.5 kG 

Number of cavities 5 

RF output 120 I\1W 95 MW (70 ns pulse) 

Efficiency 47% 36 %( at 50 :NIW) 

:NIax. surface gradient 

(Output gap) 720 kV /cm Serious damage at 50 MW RF out 

Gain 53-56 dB 

Table 10.8: Initial design target and achieved parameters of XB72K klystrons. 

state-of-the-art in high-power pulse technologies and high-power pulsed klystrons. 

Figure 10.15 shows a result of simulation with EGUN in the vicinity of the gun that shows the electric 

equi-potential lines and electron trajectories. Figure 10.16 shows a photographic view of the gun 

cathode of the XB72K. 

Figure 10.15: Simulation result of the gun design for the XB72K~ indicating the electric field and 

electron trajectories at a cathode ,,'oltage of 550 k V witb a current of 490 A. 

The gun portion of the XB72K has repeatedly demonstrated its operation as a 600 kV - 1.2 J..tperveance 

gun with a pulse length of 2 J..ts. Operational experience with the # 1 through # 5 prototype XB72K 

tubes have shown that this gun design essentially has sufficient performance to be used in a 100 11W

class klystron. Up to 330 I\1W of beam power has been successfully obtained. No beam-interception 

problems have been experienced in the gun during operation or in post-mortem analyses of the tubes. 
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Figure 10.16: Photograph of the gun ofan XB72K tube that was retrieved after high-voltage testing. 

10.6.3 RF Structure of XB72K 

Bunching System 

Figure 10.17 shows a schematic view of the bunching system of the XB72K klystrons. The results 

80 190 
 240 


106 36 36 118 50 

41212 41116 

1st 2nd 3rd 
(input) (gain) (gain) 

Figure 10.17: Schematic view of the bunching system in XB72K. 
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obtained with the # 1 through # 5 prototype XB72K indicate that its bunching system is capable 

of producing an RF current that corresponds to an RF power of 50 MW with an efficiency of 36 % 
at the output structure. The observed gain of '""" 53 dB is in good agreement with simulation results 
from the FeI [24]. 

It is considered that some modifications to the bunching section are necessary in order to improve the 

RF conversion efficiency. Possible measures include the application of a second harmonic cavity. This 
will be surveyed in the near future. 

Output Cavities 

The prototype # 2 through # 4 XB72K tubes employed a single-gap output structure. In these tubes, 

serious damage was induced by RF discharging in the output cavity repeatedly. This discharge was 

the limiting factor for the magnitude of the output RF power. This problem also limited the output 

pulse duration to at most about 100 ns at 90 MW, even after a long conditioning period (or 200 ns 

with 30 MW output power). 

Several improvements in the design near to output cavities have been considered. First, the surface 

stress of the output cavity needs to be reduced. Second, the bore size of the output gap needs to be 

increased. For this purpose, a traveling-wave-type multi-gap output structure has been developed at 

BINP, Russia and has been adopted starting with the #6 prototype[25) . 

The TW output circuit of the #7 XB72K is shown in Figure 10.18. The maximum surface field 

strength has been reduced to about 700 kV fcm at an output power of 120 MW. Figure 10.19 shows 

the field distribution along the TW structure obtained by the "DISKLY" code. Thus, the discharge 

limit of the output cavity was expected to be significantly relaxed compared to that of the single-gap 

klystrons up to #5. 

So far, two tubes of this type (#6 and #7) have been built and tested. 

Figure 10.20 shows a photo of the test set-up with the XB72K. Figure 10.21 shows a schematic drawing 
of the XB72K with a multi-gap output structure. 

Figure 10.22 shows the obtained output power as a function of the cathode voltage. Measured RF 

output power for operation with a pulse length of 100 ns, and prediction based on a simulation using 

the DISKLY code are shown. The current issues involving these tubes are the following: 

1. 	While an output pulse of 30 MW with 300 ns duration has been obtained after 10 hours of 

conditioning, behavior indicative of RF discharges has still been observed. 

2. 	 The RF power conversion efficiency is low (26 %). This is due to the design which maintains a 
low surface stress in the output gap (700 kV fcm at 120 MW). 

3. 	 The output RF output is unstable for pulses longer than 100 - 200 ns. The exact cause of this 

behavior needs to be investigated. 
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Figure 10.18: Three-dimensional view in the vicinity of the 5-cell output cavity of the XB72K. 

a; a; a; =S" a;
0 Q)c.

0 0 0_ 0 
"'0 "'0 .s:::. :::::J .s:::.Ui c:: a... 

(f) - 0 Ll)C\I ""'"800 

E 700Q 
> 
~ 600 
"'0 
a; 

500u: 
0.t: 400-~ 
ill 300 
Q) 
0 

~ 200 
:::::J 

C/) 
100 

f\ 
A/~ '{" 

" f'J! 
........ y 

L'I \ 
.r' \....._......( r 

\ il, 
~ \ 

o 25 50 75 100 125 150 175 200 

Longitudinal Location [arbitrary unit] 

Figure 10.19: Calculated surface field in the region of the 5-cell TW output cavities of the XB72K 

when the klystron is operated at 120 ]\tl~V output power. 
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Figure 10.20: The XB72K klystron in the test set-up. 
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Figure 10.21: Schematic diagram of an X-band klystron model XB72K #7. 
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XB72-K #7 
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Figure 10.22: Result from high-power testing of the XB72K klystron, prototype # 7. The output 
power as a function of the cathode voltage. Measured RF output power for operation with a pulse 

length of 100 ns, and prediction based on a simulation using the DISKLY code are shown. 
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10.6.4 RF Windows for the XB72K 

The ceramic windows are one of the vital parts of a high-power pulsed klystron system for any 

frequency. At the X-band the power-handling capability of the ceramic window is more serious than 

that of S-band high-power klystrons. This is because the RF power density to be handled at the X

band is more than 10-times the case with the S-band. The development of X-band windows has been 

initiated since the first stage of X-band R&D at KEK [26, 27]. High-power testing and development 

work has been carried out for the following types of RF windows: 

1. 1/2)..9 rectangular type, 

2. pill-box type, 

3. TEll 1/2)..9 type. 

The best RF window obtained at KEK was developed by Y.Otake[27]. This window employs the TEll 

1/2)..9 mode at the ceramic. To reduce the RF power density through the ceramic; a 51 mm-diameter 

ceramic was applied, and careful dimension trimming was surveyed in order to reduce the surface 

field on the ceramic surface. Figure 10.23 shows a schematic view of the Otake window. Figure 10.24 

shows a photograph of the completed window assembly. 
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WR90 - circular (28 <1» Circular taper 

converter 

10 60 70 
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4.31 t, <I> 51 

4-M4 x 2 

Figure 10.23: Schematic drawing of the TEll-type windonr developed at KEK. 

Several windows of this type were tested in a resonant ring. A maximum pulse power of 130 :~dW with 

a 300 ns duration of the resonant ring was applied; at this power level this window with high-purity 

ceramics was successfully operated. After reaching this power level, the input RF power was set at 

70 :MW and the pulse length was increased up to 800 ns. The RF discharge on the ceramic surface 

stayed at a reasonable level, and the window operated stably. A further attempt to increase the pulse 
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Figure 10.24: Photograph of a completed window assembly. 

length eventually resulted in hard RF discharge which destroyed the ceramic. Figure 10.25 shows the 

experimental setup of the TEll window in the resonant ring. 

These TEll-mode windows are presently being used as the standard ceramic window of the XB72K 

series klystrons. This is also employed as the standard window for the X-band accelerating structure 

test station at KEK. Figure 10.26 shows the RF pulse shape while testing in a resonant ring. 
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Figure 10.25: Setup with an X-band resonant ring that has been built and used for conducting 

high-power tests of klystron windows. 
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Figure 10.26: TEll window high-power test in the resonant ring. A 700ns input pulse was built up 

to 70 MW of circulating RF power in the ring. 
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10.6.5 Latest Analysis of Issues with XB72K 

As stated in Section 10.6.3, the RF discharging problem near to the output cavities is being addressed 

by using traveling-wave multi-cell output cavities. Also, recent progress involving X-band klystrons 

at SLAC has proven the real feasibility of high-power X-band klystrons as an RF power source for 

the 500 GeV Class electron-positron linear colliders. However, at KEK, the cause of problems in 

high-power operation of XB72K # 7 tube (Le. the one with TW multiple-cell output cavity) has not 

been fully understood. In particular, an unstable behavior of the RF output pulse shape found during 

conditioning is quite enigmatic. Some factors that can cause this behavior are: 

1. RF discharge in the output gap or in the penultimate cavity. 

2. RF discharge in the waveguide system, including the matched load. 

3. Beam interception and discharge therein, especially in the vicinity of the output circuit. 

4. Gun oscillation. 

Out of these· possibilities, gun oscillation is considered to be quite unlikely. This is because the 

instability behavior shows some bi-stable RF output pulse shape. The gun operation without RF input 

power was observed to be quite stable at the cathode voltage in the range of 300-500kV. Generally, 

the gun oscillation shows unstable diode operation without any RF input. 

Problems with the waveguide system are also considered unlikely. This is because no indication of a 

discharge, such as bursting of the vacuum pressure, has been observed. Another evidence against a 

waveguide problem is the absence of a swing in the output RF signal from near zero to 100 %. 

To explore the cause of the instability, scans have been made by changing the focusing field strength, 

mostly by varying the backing coil current. This allows us to change the magnetic field on the cathode 

surface over the range of 50 - 130 % of the design value. While the changes in the backing coil current 
had effects on the RF output power, the behavior of the instability was not affected. This suggests 

that the solenoid focusing system was functioning normally, including the geometrical configuration 

of the klystron and the magnet. 

At this moment, a more plausible cause of the output instability is a combined effect of beam in

terception and the resulting RF discharge in the output cavities or their neighborhood. RF aging 

processing has been found to be somewhat effective in improving the operational stability at 30 MW 

output power with a 100 ns to 300 ns pulse length. This is indicative of the existence of discharging. 
However, as stated earlier, no vacuum bursting, which is a direct signature of discharging, has been 
observed. Thus, it must be concluded that at this moment the definitive cause of the instability in 
high-power operation of the # 7 XB72K is not yet understood. 

The fundamental design concept and the parameters of the XB72K are quite similar to those of the 

SLAC XL4 klystron (1.2 J-Lperveance) that has successfully produced 65 MW output power for 1 J-LS 

[14, 15, 16, 17]. Table 10.9 compares the parameters of the XB72K and XL4, which are related to 

discharging issues. As can be seen there, no essential difference exists in the two designs. More 
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diagnostic testing and further analysis of the design, including that of the gun, are likely to be 
necessary. 

KEKXB72K #7 
Window TE01 TW-mode x 1 TEll 1/2>"9 x 2 
Gun 1.2 p,P 1.2 p,P 
Conversion ratio 1/100 1/110 
Drift tube diameter 10.8 mm</> 9.6 mm</> 
Output cavity 6 + 1 cells 4 + 1 cells 
Input and gain cavities single cell single cell 
Penultimate cavity 2 cells or single cell single cell 

Surface field 51 MY/m at 50 MW 56 MY/m at 65 MW 

Table 10.9: Comparison of parameters for XB72K and XL4 that are related to discharging issues. 

10.6.6 Perspective on X-band Klystron R&D 

Obviously, the highest priority task concerning the current X-band klystron R&D is to demonstrate 

the production of 65 MW peak power for the required 800 ns pulse duration with our own system. 

For this goal, continued R&D on the traveling-wave (TW) output structure of a few variations is 

necessary. At this stage, ideally, several test tubes need to be built in succession. 

In the next step of testing of the XB72K tubes, the immediate plan is to build the # 8 klystron with, 

again, a 5-cell output structure, but with an improved design over the # 7. Specifically, a relatively 

high surface stress is employed to achieve a higher RF conversion efficiency of 45 %, as compared to 

35 % of # 7. The # 8 klystron has been delivered in April, 1997. For subsequent test klystrons, the 

adoption of a new 7-cell TW structure, whose design has been already completed at BINP, Russia, is 

being considered. 

During the past 5 years, the development of the XB72K has been conducted at a rate of one or two 

test tubes to be built every year. This rather slow pace has been governed by the limitation on the 

funding and manpower available at KEK. To conduct the full testing of two to three tubes per year 

at KEK, at least one full-time-equivalent (FTP) senior staff and one FTE engineer are necessary. 

It is widely known that the issue concerning the DC power to be consumed by the focusing magnets 

of the klystrons is a rather serious one. The PPM (periodic permanent magnet) focusing method is 

an excellent solution to this problem [36, 15, 17,38]. Since 1995, KEK has had a formal collaboration 

program with BINP laboratory in Russia on PPM klystrons. The first diode gun with a multi-stage 

ceramic insulator was completed in Spring of 1997. 

The first BINP-KEK PPM klystron is being designed at BINP. It will be built as a completely Russian

made tube under the direction of the BINP group. The perveance of this PPM klystron was chosen 

to be 0.8 I1perveance, based on considerations on the focusing-magnetic field and a better RFrv 
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efficiency. The completion of the # 1 PPM klystron with full RF structures is scheduled for the end 

of October, 1997. The RF structures are to be designed, pending the high-power measurement results 

of the ongoing and coming XB72K with TW multi-cell output structures (Le. XB72K # 7 and # 8). 
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10.7 RF Power Distribution 


Some sort of an RF pulse-compression stage is an absolutely necessary element if a conventional RF 

power source system with a pulsed klystron is to be considered as the driver of an X-band linear 
collider. 

In most S-band linac power source systems, the RF pulse-compression system is usually applied in cases 

where it is necessary to achieve a higher accelerating gradient at the cost of sacrificing the RF power 

efficiency. An example of this kind of application was SLED in the SLAC 2-mile electron linac. In SLC, 

the existing 2-mile linac was upgraded to almost twice its beam energy by upgrading the klystron, 

and, at the same time, by installing a new RF pulse-compression system, SLED (SLAC Linac Energy 

Doubler) [28]. This original RF pulse-compression scheme successfully achieved an energy upgrade of 

about 1.8 times higher than the accelerating gradient which was achieved without this system, with 

an energy efficiency of about 65 %. 

Since the introduction of SLED, several successors have been investigated. However, although these 

schemes were sometimes successfully utilized in electron linacs, and also tested as a prototype of a 

linear collider power source, there is still great room for improvement. In the following, detailed 

discussions of this RF pulse-compression stage and a possible new RF power distribution scheme, 

having a better energy efficiency, are presented. 

10.7.1 Conventional RF Pulse-compression Systems 

As mentioned in the previous section, the klystron driver can not supply short pulses that the linac 

operation requires. Therefore, some RF pulse-compression scheme which can compress the pulse 

. length, and, at the same time, increase the pulse height while conserving the total pulse energy is 

necessarily required. Such an RF pulse-compression system is already being successfully utilized in the 

S-band electron linacs of several laboratories [7, 32]. In the design of the X-band linear accelerators, 

such an RF pulse-compression system i.e. SLED (SLAC Energy Doubler) or its developed version, 

such as SLED-II [31, 33] and VPM (VLEPP Pulse Multiplier) [36, 39], are considered to be the RF 
pulse-compression system of future linear colliders, and are under R&D in several laboratories. 

SLED, SLED-II and VPM 

The schemes called SLED, SLED-II and VPM (VLEPP Pulse Multiplier), are all based on the same 

operational principle. The operational principle of SLED is illustrated in Figure 10.27. The RF output 

power from the klystron is stored once in the resonant cavity, or a long delay line, which build up 

the incoming RF energy. After this build up period, the stored energy is released from this storage 

cavity or its equivalent system, such as delay lines (SLED-II), by reversing the phase of the incoming 

pulse. Thus, a longer RF pulse from a klystron or klystrons is compressed into a shorter pulse with a 

higher amplitude [34]. Another type of the RF pulse-compression system is the so-called BPC (Binary 
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pulse-compression) proposed by D.Farkas in 1986 [29]. This BPC is based on a different operational 

principle from SLED family, and is discussed later in next section. 

In 

TE015 

Cylindrical 
Storage 
Cavities 

Out 

Figure 10.27: Principle of operation of SLED. 

The resonant cavities or delay lines used in these pulse-compression schemes and the necessity of the 

time to build up RF energy are the main factors that determine the system energy efficiency. The 

energy losses consist of following two categories: 

1. Wall loss on the inner surface of the energy-storage cavity, 

2. RF reflection during the storage period. 

Although a careful shaping of the RF input pulse could eliminate the reflection loss during the build

up period, this pulse shaping, itself, inevitably decreases the RF conversion efficiency of the klystron 

as long as the klystron is driven by a flat pulse. This also decreases the efficiency by prolonging the 

build-up period. Therefore, the system efficiency in the case of a loss-less cavity or a delay line is 

determined by this so-called intrinsic loss of about 80%. With this intrinsic loss and the resistive 

wall loss in the cavity, an efficiency of the RF pulse-compression system of around 75% maximum is 

expected in the factor 5 X-band RF pulse-compression system for linear colliders [4, 33, 34]. 

Another RF pulse-compression system is the VPM (VLEPP Pulse Multiplier). This system has an 

advantage in that there is only one storage cavity, instead of two cavities in SLED family, by utilizing 

a directional coupler and the traveling-wave mode for the energy storage in a special resonator, called 

an "open cavity". Although this system has several different points compared with the SLED family, 

its overall performance, especially its energy efficiency, is almost same the as that of other systems. 

Therefore the detailed description of this system is left for another occasion. 
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Binary Pulse-compression (BPC) 

An RF pulse-compression system based on a different operational principle from these energy storage

type pulse-compression of the SLED family is the BPC (Binary pulse-compression). This pulse

compression system was proposed by D.Farkas, and the first high-power test was successfully achieved 
in SLAC [29, 34, 35]. 

The operation principle of the BPC is illustrated in Figure 10.28 in the case of a compression factor 

of 4(= 2n). This system is driven by two independently operated klystrons, and their output pulse 

are divided into four short pulses in the time domain. 
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Figure 10.28: Operation principle of the BPC. 

In this system, the head parts of the RF pulse are guided by 3 dB couplers to several delay lines 

connected to one port of 3 dB-couplers. As shown in the figure, this delay line system gives the 

necessary delay periods in turn to each part of the divided RF pulses, which can later meet the last 

part of the RF pulse at the end of each delay-line system. This stage is repeated, and at each stage 

the RF pulse height is doubled; at the same time the pulse duration is shortened to half. Finally, they 

are combined through 3 dB hybrid modules to give a 2n times higher peak power a the shorter pulse 

duration of 1/2n of the original pulse. 

If the wall loss of the delay lines is neglected, it is quite easy to find that the n-stage of the BPC 

system can give a factor 2n times higher pulse with a 2n 'th pulse duration. It is also easy to recognize 

that in this BPC pulse-compression system the intrinsic energy efficiency could reach 100 % in case 

of loss-less delay lines. However, this BPC system requires far longer delay lines compared to other 

pulse-compression schemes, and, consequently, needs a long space to arrange these delay lines. The 

longest delay line in the BPC for a round trip of the first stage is expressed as 

(10.5) 

where n is the multiplication factor of the BPC, Tp is the length of the linac driving pulse, and Vg is 

the group velocity of the RF propagating in the delay lines. 

However, due to a rather involved configuration of the system, the BPC may face challenges to 
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overcome in many practical aspects, when a massive number of units needs to be built. Thus, its 

application in a large linear accelerator requires a careful analysis of its construction, even if it can 

achieve a better energy efficiency of close to or more than 90% in the case of compression factor 

4 [4, 34, 30J. 

10.7.2 Delay Line Distribution System (DLDS) 

Recently, a new RF power distribution system named, DLDS (Delay Line Distribution System), 

which works as a replacement of an ordinary RF pulse-compression system, and its energy efficiency 

could be improved up to 98%, was proposed by the authors [44, 42, 43J. This system is based on a 

new operational principle that is completely different from any other existing RF pulse-compression 

systems, such as SLED, SLED-II and VPM. 

Like BPC, in the DLDS a long pulse from the klystronsare divided into short pulse trains, and these 

short pulse trains are led to different parts of the linac. The most distinct point concerning the DLDS 

is that the divided RF pulses are never compiled again, like in the case of BPC. In this new system, 

the flight pass of the beam, itself, works as a delay line in the BPC; thus, half of the delay time 

necessary for the divided short RF pulse trains is given by the beam, itself. In this new system, the 

length of the delay lines, and, consequently, their losses can be decreased by about a factor of 1/2 

compared to the BPC system. The operation principle of this new system DLDS is described in some 

detail below. 

Basic Factor-2 DLDS 

In the linear collider RF power system, the main difficulty exists in the fact that the RF output 

pulse length is always longer than the necessary pulse length of the linear accelerator driving pulse, 

which should cover the sum of the structure filling time and the 85-bunch train duration. Usually, 

the klystron operation pulse is set at 2 - 8 times longer than this driving pulse in order to achieve 
the high RF power-conversion efficiency in the klystron driving system, which consists of a Blumlein 

PFN and a step-up pulse transformer. 

As shown in Figure 10.29, the RF power from two klystrons which are independently phase-controlled 

are combined together through a 3-dB coupler. Figure 10.30 shows the "train diagram" of the factor-2 

DLDS, illustrating the delivery of RF power and its encounter with the beam that is being accelerated. 

One output port of the 3 dB hybrid is connected to the upstream of the linac at about one half of the 

linac operating time apart from the klystron location through a low-loss waveguide; the other port is 

connected to a structure located close to the klystron position. The first half of the RF pulse, which 

is equal to the sum of the filling time and the bunch train, is sent upstream of the linac through the 

delay line shown in the figure. The second part of the RF pulse is fed to a structure close to the 

klystron without any delay. The delay line gives a delay time of Td = L/vg , and the beam flight time 
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Figure 10.29: Schematic diagram of the simplest factor-2 delay-line distribution system 
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Figure 10.30: Train diagram of a factor-2 DLDS. 
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between the two structures is Tb = Lie. If these time delays satisfy the next relation, neglecting the 

delay time in the other RF transport system, such as the 3 dB hybrid etc., 

L L+ - = tao (10.6) 
Vg e 

Here, ta is the pulse length of the linac operation, which is just the sum of the structure filling time 

and the duration of the bunch train. It is easily recognized that the timing of the bunch train and the 

RF pulse is adjusted to accelerate the beam, and that the beam is accelerated just as in the ordinary 

linac configuration. The timing relation of this delay line scheme is illustrated in the "train diagram" 

shown in Figure 10.30 in the case that the RF pulse from the klystrons is divided into two consecutive 

RF pulses. Thus, the factor-2 DLDS (Delay Line Distribution System), which works equivalently to 

the factor-2 RF-compression system, can be constructed. 

Factor-2n 1m DLDS 

In general, the DLDS scheme can be extended to the factor 2n combined pulse height as follows. Each 

of the 2 klystrons in the factor-2 scheme mentioned in the previous section can be replaced by a pair 

of 2-klystrons combined through a 3 dB hybrid coupler; thus, this new system also works as a factor-2 

system, and the remaining 2 output ports of the 2 hybrid couplers can be connected to one more 

3 dB hybrid coupler, which serves as an additional factor-2 DLDS. Thus, a factor-2 2 system can be 

constructed as illustrated in Figure 10.31. The timing chart of this factor-4 DLDS is easily extended 

from the factor-2 DLDS case. 
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Figure 10.31: A factor-4 DLDS built from factor-2 DLDS blocks. 

By applying this scheme to the factor 2n system, a factor 2n +1 system can also be constructed, as 

shown in Figure 10.32 with the train diagram of the factor 2n case. In this scheme the time-domain 

compression-equivalent factor, i.e. the klystron pulse length, can be chosen from 1 to 2n times longer 

than the linac operational RF pulse length. This system is generally noted to be a factor 2n 1m delay

line distribution system (2n 1m DLDS); 2n represents the multiplication factor of the RF power and 
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m represents the time-domain compression-equivalent factor. In this case, the (2n - m) ports left 

disconnected are terminated with matched loads. A graphical representation and a train diagram of 

this factor-2n /m DLDS system can be constructed as a natural and easy extension of the previous 

cases; therefore, these figures are omitted here. The cases of n 2 and m = 3 (4/3-DLDS) are 

discussed in some detail in the following section. 
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Figure 10.32: Factor-2n+1 DLDS built from factor-2n DLDS blocks. 

To adjust the timing of the bunches relative to the RF driving pulse in each acceleration unit, the 
distance Lm between the m-th acceleration units and the position of the klystron RF power unit must 

be determined by the relation 
(m - l)Tacvg 

(10.7) 
Vg +c 

where, To, is the pulse duration of the RF driving pulse covering the sum of the filling time and the 

bunch train, c the velocity of the light (velocity of the accelerated electrons), and Vg the group velocity 

of the RF driving pulse propagating in the delay line, respectively. 

The energy loss of this system is due only to the wall loss in the waveguide. As described in the 

previous sections, the DLDS has no intrinsic energy loss associated with the power build-up process 
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in resonant cavities, since such elements are non-existent. This situation is similar to the case of BPC. 

The losses calculated for the several sizes of waveguides are summarized in Table 10.10. As shown in 

this table, practically, the losses in the guide are small enough in all cases. The latter half of the RF 

pulse is fed directly to the accelerating structure located close to the klystrons; thus, the total loss 

of this system is one half that shown in Table 10.10. This distribution system has no narrow-band 

components, such as a storage cavity; therefore, this system can be as flexible as an ordinary RF 

power system in a conventional linac system. This advantage is preferable for controlling the RF 

power system related to the beam dynamics, such as beam-loading compensation. 

1) TE01 mode 

Waveguide Loss vg/c Line length D.¢ (o/m/K) 

(Diameter) (dB/m) (270 ns) s-invar (10- 7 /K) Cu (165 x 10-7) 

51 mm 1.276 x 10-2 0.7785 35.431 m 3.407 x 10-3 5.621 x 10-1 

69mm 4.528x 10-3 0.8859 38.022 m 2.203x 10-3 3.635x10- 1 

118.1mm 8.311 x 10-4 0.9626 39.700 m 1.216x 10-3 2.006x 10-1 

2) TEll mode 

Waveguide Loss vg/c Line length D.¢ (o/m/K) 

(Diameter) (dB/m) (270 ns) s-invar (10- 7 /K) Cu (165 x 10-7 ) 

51 mm 1.347 x 10-2 0.9535 39.508 m 1.668x 10-3 2.752x 10-1 

69 mm 8.95x 10-3 0.9749 39.957 m 1.525 x 10-3 2.516x 10-1 

118.1 mm 4.78x 10-3 0.9915 40.298 m 1.422 x 10-3 2.347x10-1 

Table 10.10: Values of the transfer loss and phase-shift in waveguides. 

10.7.3 Design of a 4/3-DLDS for the JLC X-band Main Linacs 

It is quite easily seen that the sum of the delay lines in the DLDS increases in proportion to the square 

of the factor m: 

Lsum 
m(m -1) 

2 
(10.8) 

On the other hand, in BPC, the total length of the lines is 

(10.9) 

where 2n is the multiplication factor of the BPC. Thus, the length of the delay lines required in DLDS 

will exceed that at other competitive system, such as SLED-II or BPC, when the compression factor 

m increases. Figure 10.33 shows the "train diagram" for the 4/3-DLDS scheme. Figure 10.34 shows a 

schematic view of a 4/3-DLDS, which means RF power from four power source clusters are distributed 

onto three groups of accelerating structures. 

Considering the energy-compression ratio and the technical feasibility of the total length of the DLDS 

system, the highest practical compression ratio is 4. In Table 10.11 the required wave-guide length 
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Structure 
#3 

Structure 
#2 

AF Power Pulse from Klystron (800 ns) 

Structure 1------.......If++++t..f+jfoWtnH-"'"i---
#1 

E as 

i 
:::::> 
E o 
U: 

Figure 10.33: Train diagram of 4/3-DLDS 

per power unit is summarized in case of factor-4/4 and 4/3 DLDS, along with the value in the case 

of the SLED-II pulse-compression system from NLC-ZDR[4] and a representative x4 BPC. 

SLED-II x4 BPC 

Klystron pulse width l.25j.ts 1.0j.ts 0.75j.ts l.Oj.ts 

Length of delay line l.OT 3T l.5T 3T 

Table 10.11: The required delay line length for various types of pulse-compression / power
distribution systems. Listed here are SLED-II in NLC-ZDR [4], a representative x4 BPC, 4/3-DLDS 

and 4/4-DLDS. The delay line lengths are shown in the unit of the RF pulse length (T) at the 

accelerating structure input. 

Thus, considering the total length of the system and the number of waveguide parts such as the 

mode converter and the 3 dB hybrid, the 4/3 DLDS system was chosen as the pulse-compression 

system of the RF power source for the JLC X-band RF power-source system. Table 10.12 gives the 
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Reference line 

2- XB-72K klystrons 
67MW. BOOns 

79.4m TE01. 11B.1 mm.p WG. 
963, 1.52% power loss 

39.7m Beam line 

130MW, 250ns I structure12BMW, 250ns I structure 129MW, 250ns I structure 

Figure 10.34: Block diagram of a 4/3-DLDS for JLC main linacs. 

Output RF power 

RF pulse length 

Delay line mode 

Waveguide Diameter 

Group velocity (vg/c) 
Delay Length 

for 135 ns 

for 270 ns 

Delay line loss 

Delay Line Efficiency 

Phase var. for 270 ns line 

s-invar 


copper 


Switching time* 

low level 

Klystron out 

Linac input 

790 ns = 3 x 250 ns + 40 ns (for phase flip) 

TE01 TE01 

69mm 118.1 mm 

0.8859 0.9626 

35.431 m 39.700 m 

70.862 m 79.400 m 

4.528 x 10-3 dB/m 8.311 x 10-4 dB/m 

96.37% 99.24% 

< 5 ns 

< 20 ns 

< 20 ns 

Table 10.12: Parameters of the 4/3-DLDS. *Temporary values are quoted for the items under 

"Switching time." 

specific parameters of the 4/3-DLDS system that are considered for JLC. Two sets of parameters are 

presented. They correspond to two cases where delay lines with inner diameter 69 mm and 118.1 mm 

are used. 
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Packing Factor and the Configuration along the Linac 

As mentioned earlier, one RF power unit of the 4/3-DLDS has 3 groups of 4 accelerating structure 

units which are about 40 m apart from each other. Therefore, this I-group of structure occupies 

roughly 6 m in length including the required drift spaces between the structures. As illustrated in 

Figure 10.34, the accelerating structures occupy only 12 times a 1.3 m section within the total length 

of an 80 m DLDS system. Thus, it is necessary to interleave several DLDS units in order to fulfill 

the whole length of the linac space. One example of this interleaved configuration is illustrated in 

Figure 10.35. As shown in this figure, six 4/3-DLDS units are interleaved with each other, and 

Beam.. #6 #5 #4 #3 #2 #1 

65 MW Klystron x 8 T 
o Ol----J 
3 clusters of accelerating 

structures 

One set of 4/3-0LOS 

Figure 10.35: Configuration of six units of 4/3-DLDS systems along the main linac. 

could achieve a packing factor of 75-80 % which is equal to that of an ordinary linear-accelerator 

configuration. Figure 10.36 shows how this arrangement may look like for a section of the main linac 

tunnel. 

Figure 10.37 shows a schematic perspective view of a cross section of the main linac tunnel. 
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119100 

33084 19850 

o 
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~ 

Figure 10.36: Schematic layout of the interleaved DLDS configuration in the accelerator tunnel. 

JLC Design Study, April, 1997 



392 
Chapter 10. X-band Main Linacs: RF Power Generation and Delivery 

/; 

Klystron 
Modulators 

4 x OS Accelerating 
Structures 

Support Girder 

__--------------------------t .....------------_6500 • ....._---------<-1
2000 3500 

12000 
[length unit = mm] 

Figure 10.37: Perspective view of the layout of the interleaved DLDS configuration in the accelerator 

tunnel. 
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10.7.4 Comparison of DLDS and other RF Pulse-compression Systems 

Energy Efficiency 

The advantage of this new DLDS pUlse-compression equivalent system is, first, its high energy effi

ciency; based on the discussion in the previous section, this efficiency could reach more than 99 %. 
Table 10.13 summarizes the overall energy efficiency of the 4/3 and 4/4-DLDS systems and the factor 

5 SLED-II for the NLC 1st phase [4]. The efficiency of the DLDS is better than that of the SLED-II 

by 20 %, due mainly to the absence of resonant components in the system. 

SLED-II 4/3-DLDS 4/4-DLDS x4 BPC 

Klystron pulse width (J-Ls) 1.25 0.75 1.0 1.0 

Linac pulse width (J-Ls) 0.25 0.25 0.25 0.25 

Intrinsic efficiency 110 (%) 80.4 100 100 100 

Intrinsic compression ratio R1 ( 4.02) (3.00) (4.00) (4.00) 

Efficiency of components 111 (%) 95 95 95 95 

Compression ratio RI x 111 3.8 (2.85) (3.8) 3.8 

Efficiency of RF distribution 112 (%) 95 95 95 95 

Net power gain R1 x 111 X 112 3.6 (2.71) (3.61) 3.61 

Total efficiency 110 x 111 X 112 (%) 72 90 90 90 

Table 10.13: Power efficiencies of the SLED-II, DLDS and BPC systems. As is well known, the 

intrinsic compression ratio of SLED-II is determined by the pulse width compression ratio (5), multi
plied by the intrinsic efficiency of the system (80.4 %). In the case ofDLDS, strictly speaking, the term 

"Compression ratio" does not really apply, since the RF pulse is never compressed in time. Rather, 
when the klystron pulse is divided into three pieces as in the 4/3-DLDS, the beam receives acceler
ation by the same power-source three times, from accelerating structures situated at three separate 

locations. Thus, this number "3" is quoted within parentheses as the number to be compared with the 
"RF compression gain" of SLED-II. A similar argument goes for the 4/4-DLDS. Intrinsic efficiencies 

for DLDS and BPC are taken as 100 %. However, the loss during power transmission is assumed to 

be 95 % for purposes of comparison with SLED-II. 

N umber of Components 

RF pulse-compression systems need several components, such as 3 dB couplers, delay lines, and mode 

converters. The required numbers of these components per power unit (i.e. a cluster of a varying 

number of 50 rv 65 MW klystrons, depending on the scheme) are summarized in Table 10.14. 

As shown in Table 10.14, all four RF-compression systems require the same number of 3 dB hybrid 

modules per klystron. In terms of the component count per klystron, SLED-II and DLDS are similar. 

They are within a 50% difference. 
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SLED-II x4 BPC 4/3-DLDS 4/4-DLDS 
Number of klystronsa 2 2 8 8 
Klystron pulse width 1.25Jls 1.0Jls 0.75Jls 1.0Jls 
Number of 3dB hybrid 2 2 8 8 
Number of mode converters 2 8 4 6 
Length of delay lineb 1.0T* 3T 1.5T 3T 
Peak power at output port rv8 8 8 8 
Number of unitsC 4 4 12 

Table 10.14: Number of components per power unit that are required for various types of pulse

compression / power-distribution systems. Listed here are SLED-II in NLC-ZDR [4J, a representative 
x4 BPC, 4/3-DLDS and 4/4-DLDS. 

a The RF power from a klystron is ",,50 MW for SLED-II (NLC-ZDR) and 65 MW for JLC. 
b T is the length of the RF pulse at the accelerating structure input. 
C Typical accelerating gradient is 50 rv 70MV1m (unloaded); a unit structure length 

is 1.3 "" 1.8 m. A fair comparison of "linac system efficiency," normalized by 

the component count, is a very non-trivial task, since it depends on many factors. 

Readers are encouraged to consult original references of SLED-II and BPC to develop their 

own informed judgment. 

A major difference lies in the required length of the delay line. BPC system requires delay lines that 

are two- or three-times longer than that of the DLDS and SLED-II, respectively. Remembering that 

in BPC the RF pulse must complete a round trip and in the DLDS only a one way trip is necessary, 

this line length difference is simply the result of this difference. 

Counting the number of components is relatively straightforward. However, to make a fair comparison 

of "the linac system efficiency," normalized by the klystron count, of various pulse-compression I 
power-delivery schemes is a very non-trivial task. This is because it involves many design-specific 

factors, such as the choice of the accelerating structure, pulse length and others. We encourage the 

readers to consult original references of SLED-II and BPC to develop their own informed opinion. 
However, it should be safe to conclude that for a given RF power from a klystron, the DLDS scheme 
tends to be capable of driving more high-gradient structures with a relatively small component count, 

when normalized by the number of klystrons. 

Operational Flexibility as the Linac Power Source 

Another important advantage of the DLDS pulse-compression equivalent system is flexibility of the 

pulse-compression and power-distribution system. The frequency band width of the DLDS system, 

as the RF power transport system, is wider than the klystron itself, due to the absence of resonant 
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components. Therefore, no restriction is expected in the DLDS pulse-compression equivalent system. 

In the DLDS system, 3 or 4 groups of the acceleration structures can be operated with independent pa

rameters, such as phase, amplitude and pulse shape; on the other hand no other RF pulse-compression 

scheme can ever have this flexibility because of the pulse-compression process, itself. 

One more advantageous aspect of this DLDS pulse-compression system is that the choice of the 

compression ratio is not related to the intrinsic energy efficiency of the system. It should be noted 

that in DLDS, the pulse-compression ratio is the number of the divided RF pulses at the input of 

the accelerating structures. On the other hand, the conventional RF pulse-compression schemes, such 

as that of the SLED family and the VPM change their intrinsic energy efficiency as the compression 

factor is changed due to the choice of the compression factor. This is because of the required change in 

the coupling coefficient to the storage cavities in the case of SLED or VPM, or to the energy-storage 

delay lines in the case of the SLED-II system. This condition limits the range of the compression 

factor of the SLED-family-type RF pulse-compression systems. This efficiency change in SLED-II is 

relatively large for a compression ratio less than a factor of 3; also,recent progress in the technology 

of short-pulse modulators has shown the possibility that the RF pulse-compression factor can be 

decreased down to 2-4 without sacrificing the modulator efficiency. 

10.7.5 Practical Issues with the DLDS Scheme 

As described in the preceding sections, the operational principle and the construction of the DLDS is 

relatively simple, and only the high power parts that have already been verified in SLED family and 

the BPC are necessary. 

However, this DLDS necessarily has to distribute RF pulses to different points along the linac. This 

distance, much longer than that of the usual linac power system, may create some new technological 

problems. One of them is an RF phase change due to a thermal expansion of the delay lines in the 

system. 

Stability of RF Phases 

In the 4/3-DLDS system, one power-source unit that is made of 8 klystrons must feed 3 groups of 

accelerating structures, which are located 40 m apart from each other. The thermal expansion of the 

delay-line waveguide changes its physical length, and also changes the guide wave-length. This causes 

a phase shift at the input of the linac accelerating structures separated, by 40 and 80 m from the 
position of the klystron power unit. 

As shown in Table 10.10, this phase shift reaches 30° /K in the case of the ordinary copper TE01

mode waveguides. To suppress this phase shift within the 0.5 degree required for the linear-collider 

operation (see Chapter 7 and [2]), the temperature of the waveguide should be kept within 17 mK 

throughout the whole length of 80/40 m. 

Such a tight temperature stability requirement is practically impossible to satisfy when a scale of the 
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delay line waveguide having a 120 mm diameter and 80 m length is considered. Instead of a copper 

waveguide, waveguides made of Super Invar with a Cu-plated surface is considered to be much more 
suitable for this purpose. 

Super Invar has extremely low thermal-expansion coefficient compared to that of any other material, 

and is likely to be the only candidate material for this waveguide. As shown in Table 10.10, the use of 

this material relaxes the temperature-stability requirement to a moderate level of 4 K (increase by a 

factor of 160), compared to that of a Cu-waveguide. Since the required thickness of the plated copper 

is 10 micron or less, the mechanical stress caused by the thermal-expansion difference between the 

base Super invar and the plated copper should be sufficiently small. 

Since the Joule loss in the waveguide is at most 10 W 1m, the temperature of the wave guide in the 

DLDS can easily be stabilized without any significant auxiliary power. 

Phase Measurement and Control 

In order to control the driving RF phase at the input of the accelerating structure of X-band linear

collider main linacs, it is necessary to measure the length of the long TEOl-mode delay lines of 40-80 m. 

A new measurement scheme that utilizes a low-frequency resonant mode of the TEOl-mode delay line 

has been proposed [45]. Since the delay lines have a tapered guide on both ends, the low-frequency 

resonant mode at around 2 GHz can be a measure of the delay-line dimensions. The operational 

principle and elementary characteristics of this measurement method, such as the sensitivity, SIN 
ratio and other basic design parameters, are presented here. 

A conceptual illustration of this phase-measurement method is shown in Figure 10.38. 

Tapered 
waveguide 

118 mm c!>
TE10 ~ TEOl circular waveguide 

mode converter 

1.5 GHz CW 
TE11 ,800 resonance mode 
0 0 - 4 x 104-_......_--, Accelerating 

RF analyzer Structure 

Figure 10.38: Conceptual illustration of the phase-measurement method using a low-frequency 

resonance mode of a delay line. The tapered parts on both ends of the delay line work as a long high 

Q resonator at a lower frequency than that of the X-band. 

The sensitivity of this method is determined by the loaded Q-value of the resonant mode. The 
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calculation of the sensitivity is shown in Figures 10.39 and 10.40 when the 2 GHz TE11,800 mode 

of a 118 mm circular delay line is used. It is seen that the X-band phase shift in the DLDS delay 

line can be deduced from the observed phase shift at the low frequency, TE11,800 mode, with good 

accuracy. The sensitivity varies as function of coupling (3. To choose a suitable coupling, the strength 

of the reflected power signal needs to be taken into account. It is considered that (3 ~ 0.5 would be 

appropriate. This will be experimentally tested later this year (1997). 

Once the phase error is detected, the correction can easily be carried out by controlling the output of 

the klystron phase. No phase-control system, such as a phase shifter, is necessary in the delay line, 

itself. This allows us to treat the delay-line system as a simple waveguide without any phase shifters. 
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Figure 10.39: Relationship between the phase shift of the DLDS delay line, as seen at the X-band 

frequency and at the TE11,800 mode frequency. The sensitivity would vary as function of the coupling 

(3. The calculated results are shown for (3 = 0.1, 0.5, 1.1 and 1.5. 

Amplitude and Phase of the Combined Power through 3 dB Hybrid 

As described in the preceding chapters, the DLDS operation is quite simple, and has no important 

problem if a group of klystrons work exactly in phase and at the same amplitude. However, in the 

actual DLDS operation, klystrons may find a different performance, especially their relative phase 

and output power. 

Since the DLDS has 3 dB hybrid couplers, the phase and amplitude difference of two klystrons may 

cause a power loss of the combined power at the output port of each 3 dB hybrid. The combined 

amplitUde and phase changes at the output port of a hybrid is graphically illustrated in Figure 10.41. 

It is clearly illustrated in the figure that the amplitude difference has only a smaller effect to the 
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Figure 10.40: The ratio of the input and reflected powers as function of the coupling {3. Since it 

would be difficult to measure the phase when the reflected power is too small, the coupling will be 

chosen to be '" 0.5. 

combined amplitude due to the characteristics of a 3 dB hybrid. Figure 10.41(A) shows that if the 

amplitude difference of two klystron is less than 10 %, the power loss to be seen at the other output 

port of the 3 dB hybrid would be less than 0.5 %. It is safely concluded that this amplitude difference 

has practically no effect on the operation and control of DLDS. 

Figure 10.41 (B) illustrates the effect of the phase difference of the power from two klystrons. Since 

the output phase stability that is required for the operation of linac must be better than 1 degree to 

satisfy the specifications of the main linacs related to the beam energy spread. As shown in the figure, 

a 1 % loss in the combined power corresponds to a relative phase difference of 11 degrees; thus, the 

power loss due to this phase unbalance is negligibly small in the operation of linear colliders. 
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Figure 10.41: Characteristics of 3 dB hybrid modules. A) Combined power change due to input 
power difference B) Combined power change due to input phase difference 

JLC Design Study, April, 1997 



400 References for Chapter 10 

References for Chapter 10 


[1] 	 "International linear collider technical review committee report 1995"; SLAC. Technical Publications 

Department. Stanford University. :P.O. Box4349, Stanford, CA94309, USA 

[21 	 "JLC-l"j KEK report 92-16, December 1992 A/H/M. 

[31 	 K.Yokoya:"JLC Status"; "Sixth International Workshop on Linear Colliders{LC95)2; March 27-31,1995 
Tsukuba Japan.; KEK Proceedings 95-5 August 1995 A. P-61 

[4] 	 "Zeroth-order Design Report for the Next Linear collider"; SLAC Report 474. May, 1966. 

[5J 	 M.Chodorow et.al ; "Stanford High-Energy Linear Electron Accelerator (Mark3)" : The Review of Scien

tific Instruments, Vol. 26, No.2, 134-204, February, 1955 

[6] R.B.Neal ; "The Stanford Two-Mile Accelerator" Chapter-13 ;W.A.Benjamin,Inc. New York 

[71 "Design report on PF injector linac upgrade for KEKB" (in Japanese); KEK Report 95-18 March 1996 

A. 

[8] G.N.Glasoe and J.V.Lebacqz; "Pulse generators"; 

London, McGraw-Hill Book Company,INC. 1948 

M.LT. Radiation Laboratory Series:New York nd 

[9] G.N.Glasoe and J.V.Lebacqz; "Pulse generators"; 

London, McGraw-Hill Book Company,INC. 1948 

M.LT. Radiation Laboratory Series:New York nd 

[10] 	 H.Mizuno; "PFN type klystron modulators for 100MW X-band Klystron"; Proceedings of the 3rd inter

national workshop on linear colliders(LC91). September 17-27, 1991 BINP, Protvino, USSR. Volume 3. 

P172. 

[11] 	 R.F.Koontz et ali "Pulse Modulator Developments in Support of Klystron Testing at SLAC": Proc. 1993 

Particle Accelerator Conf., Washington, D.C., U.S.A., May 17-20, 1993, p.1318. 

[12] 	 H.Mizuno, T.Majima, S.Sakamoto and Y Kobayashi; "A Blumlein type modulator for 100MW class 

X-band klystron"; Proceedings of the 1993 Particle Accelerator Conference, Washington, D.C., U.S.A., 

May 17-20, 1993: P-1321. 

[13] 	 H.Mizuno, T.Majima, S.Sakamoto and Y Kobayashi; "A.Blumlein type modulator for 100MW class X
band klystron"; Proceedings of the 4th European Particle Accelerator Conference(EPAC94), London, 

U.K., June27-July 1, 1994: P-2538. 

[14] 	 G.C.Caryotakis et ali "Development of multi-megawatt klystrons for linear colliders" j Proc. 1993 Particle 

Accelerator Conference, Washington, D.C., U.s.A., May 17-20, 1993: p1106. 

[15} 	 G.C.Caryotakis et ali "50-MW X-band klystron sources for the next generation of linear colliders" j Proc. 

4th European Particle Accelerator Conf. (EPAC94), London, U.K., June 27 - July 1, 1994: p.1921. 

[16] 	 W.Wright et ali "Design of a 50-MW Klystron at X-band": AlP Conference Proc. 337 (Pulsed RF Sources 

for Linear Colliders), Montauk, NY 1994, p.58. 

JLC Design Study, April, 1997 



401 References for Chapter 10 

[17] 	 K.R.Eppley; "A RPM-Focused Klystron at X-band with a Traveling-Wave Output Structure": AlP 

Conference Proc. 337 (Pulsed RF Sources for Linear Colliders), Montauk, NY 1994, p.67. 

[18] 	 H.Mizuno, J.Odagiri and T.Higoj "X-band klystron diode test for Japan Linear Collider" :Proc. 14th 

International Conference on High Energy Accelerators Part-4. 1989 P-1l25 

[19] 	 H.Mizuno, J.Odagiri, T.Higo, M.Akemoto and H.Sakai;"X-band klystron for Japan Linear Collider": 

Proceedings of the 1990 Linear Accelerator Conference September 10-14, 1990 Albuquerque, New Mexico 

P-168. 

[20] 	 H.Mizuno; "X-band klystrons as a power source of the next linear collider"; The ICFA Seminar on "Future 

Perspectives in High Energy Physics" DESY, Hamburg, Germany, May 3-7, 1993:KEK preprint 93-200 

February 1994 A. 

[21] 	 H.Mizuno, J.Odagiri, T.Higo and M,Akemoto;"X-band klystrons for Japan Linear Collider": Proceedings 

of the 15-th International Conference on High Energy Accelerators July 20-24, 1992 Hamburg Germany.: 

P-921. 

[22] 	 H.Mizuno, J.Odagiri, T.Higo, H.Yonezawa and N.Yamaguchi;"X-band klystron for Japan Linear Col

!ider": Proceedings of the 1992 Linear Accelerator Conference. 1992 August 24-28 Ottawa, Ontario, 

Canada.;P-127. 

[23] 	 H.Mizuno, J.Odagiri, T.Higo and H.Yonezawa; "X-band Klystrons for Japan Linear Collider": Proceed

ings of the 4th European Particle Accelerator Conference(EPAC94), London, U.K., June27-July 1, 1994: 

P-1918. 

[24] 	 J.Odagiri, H.Mizuno, T.shintake and K.Takata; "FCI Simulation on 100MW class klystron at X-band": 

Proceedings of the 17th International Linac Conference, Tsukuba, Japan, August 21-16 1994: P-469. 

[25] 	 V. Balakin, S. Kazakov and V. Teryaev, communication. 

[26] 	 S.Michizono, Y.Saito, H.Mizuno and S.Yu.Kazakov;"High-power tests of pill-box and TW-in-CERAMIC 

type S-band RF windows": Proceedings of the 17th International Linac Conference, Tsukuba, Japan, 
August 21-16 1994: P-457. 

[27J 	 Y.Otake, S Tokumoto and H.Mizuno;"Design and high power test of a TEll mode X-band RF window 

with the taper transitions": Proceedings of the 1995 Particle Accelerator Conference and International 

Conference on High -Energy Accelerators, May 1-5, 1995, Dallas,Texas, U.S.A.: KEK preprint 95-30 May 

1995 A. 

[28] 	 Z.D.Farkas et al. "SLED: A method of doubling SLAC's Energy"; Proc. 9th Int. Conf. High Energy 

Accelerators, SLAC. Stanford. 1974. P576. 

[29] 	 Z.D.Farkas et al.; "Binary Peak Power Multiplier and its Application to Linear Collider design»; IEEE 

Trans. MTT-34(1986), PI036. 

[30] 	 T.L.Lavine, Z.D,Farkas et al.; "High Power RF Binary Pulse Compression Experiments at SLAC"; Proc. 

of the IEEE Particle Accelerator Conference May 1991. San Francisco. California. USA. P652. 

[31] 	 P.B.Wilson, et al. "Progress at SLAC on High Power RF Pulse Compression"; Proc. of 15th Int. Conf. 

High Energy Accelerators, Hamburg Germany, July 1992, World Scientific, Singapore, 1992. P824. 

JLC Design Study, April, 1997 



402 References for Chapter 10 

[32] 	 H.Matsumoto et al.; "High power test of a SLED system with dual side wall coupling irises for linear 
colliders"; KEK preprint 92-179. 

[33] 	 P.B.Wilson, et al. "Progress at SLAC on High Power RF Pulse Compression" i Proc. of 15th Int. ConI. 

High Energy Accelerators, Hamburg Germany, July 1992, World Scientific, Singapore, 1992. P824. 

[34] 	 C.D.Nantista; "Radio frequency pulse compression for linear accelerators" Thesis, University of California 
1994. 

[35] 	 S.G.Tantawi et ali "The Next Linear Collider Test Accelerator's RF Pulse Compression and Transmission 

Systems": Proc. 5th European Particle Accelerator ConI. Sitges (Barcelona), Jun 10-14, 1996, p.2062. 

[36] 	 V.E.Balakin.; "Pulsed power RF sources for linear colliders" ;(REF 1-6) 

[37] 	 V.E.Balakin et al..;"14 GHz VLEPP Klystron" ;Proc. of the 3rd. EPAC Berlin, Germany, 1992. 

[38] 	 L.N . Arapov et ali "High Power Sources for VLEPP": AlP Conference Proc. 337 (Pulsed RF Sources for 
Linear Colliders), Montauk, NY 1994, p.ll8. 

[39] 	 I.Syrachev, V.Vogel, H.Mizuno, J.Odagiri, Y Otake and S Tokumoto; "The results of RF high power tests 

of X-band open cavity RF pulse compression system VPM(JLC)": Proceedings of the 17th International 

Linac Conference, Tsukuba, Japan, August 21-16 1994: P-475. 

[40] 	 M.Bieler et al.; "Commissioning of the hard tube pulsar experiment at DESY"; Proceedings of the 4th 

European Particle Accelerator Conference (EPAC94), London, U.K., June27-July 1, 1994: P-1993. 

[41] 	 M.Bieler et ali "Modulators for the S-band Test Linac at DESY": AlP Conf. Proceedings 337 (Pulsed 

RF Sources for Linear Colliders), Montauk, NY 1994, p.332. 

[42] 	 H.Mizuno and Y.Otake: "A New RF Power Distribution System for X-band Linac Equivalent to an RF 

Pulse Compression Scheme of Factor 2": Proc. 19th Linear Accelerator Meeting in Japan, July 20-24, 

1994, Japan Atomic Energy Research Institute, Tokai, Japan, p.90 (in Japanese). 

[43] 	 H.Mizuno; "A Prototype RF Power Source System for the X-band Linear Collider"; AlP Conf. Prof. 337 

(Pulsed RF Sources for Linear Colliders), Montauk, NY 1994, p.89. 

[44] 	 H.Mizuno and Y.Otake;"A new RF power distribution system for X-band linac equivalent to an RF Pulse 

compression scheme of Factor 2n " i Proceedings of the 17th International Linac Conference, Tsukuba, 

Japan, August 21-16 1994: P-463. 

[45] 	 F.Tamura and H.Mizuno; "A new measurement method of the delay line length in the X-band Delay 

Line Distribution System (DLDS)" to be submitted to PAC 1997. 

JLC Design Study, April, 1997 



403 References for Chanter 10 

Authors and Major Contributers of Chapter 10 


• H. Mizuno 

• T. Higo 

• F. Tamura 

• S. Anami 

• S. Fukuda 

• Y. Saito 

• S. Tokumoto 

• Y. Otake 

• J. Odagiri 

• E. Takasaki 

We would like to express our gratitude to many colleagues from abroad, in particular, scientists 

and engineers from SLAC (U.S.A.) and BINP, Protvino (Russia), for many useful discussions and 

collaborative R&D work on the RF power source systems. Special thanks go to Prof. V. Balakin, 

Dr .S. Kazakovand V. Teryaev of BINP, Protvino for their design work of X-band high-power klystrons 

which is the basis of our XB-72K #7 klystron, and for providing a site for conducting prototype tests 
of a DLDS system. 

JLC Design Study, April, 1997 



CHAPTER 11 

X-band Main Linacs: Installation 

and Alignment 

Contents 

11.1 Introduction ........... . 


11.2 Standard of Alignment 

11.2.1 Suspended Wire ....... . 


11.2.2 Catenary ........... . 


11.2.3 Static Solution (General Case) 

11.2.4 Accuracy of a Measurement. 

11.2.5 Light Beam . . . . 

11.3 Environmental Noise ................ . 


11.3.1 Temperature .. . 

11.3.2 Atmosphere ... . 

11.3.3 Mechanical Vibrations 

11.4 Test System of Local Alignment 

405 


406 


407 


407 


410 


413 


413 


415 


415 


415 


416 


417 


............ 419 




406 Chapter 11. X-band Main Linacs: Installation and Alignment 

11.1 Introduction 


Systematic studies related to the installation and alignment of the main linac components have just 

recently started within the JLC accelerator group. The purpose of the studies is to establish a method 

for making the condition in which the BBA (beam based alignment) method can work. At present, we 

adopt detuned structures (DS), as presented in Chapter 9. Issues related to linac alignment may be 

classified into two categories. One is local alignment; the other is global alignment. Local alignment 

means aligning components over several meters within a required accuracy. Global alignment means 

alignment over a whole linac. 

For local alignment, a feasibility study concerning the support girder is in progress. For suppressing 

the long-range wake-field, four successive DS units, 1.3 m-Iong each, must be aligned within a tight 

tolerance on a common girder. Based on simulations of the beam dynamics, the alignment tolerance of 

the components, which are accelerating structures and quadrupole magnets, is currently understood 

to be several microns. The goal of the study here is to develop an alignment system on a girder with 

an accuracy of sub microns. 

The construction of a test alignment system has begun within the JLC group, and is currently on

going. An outline of this system will be given at the end of this chapter. One of the purposes of 

this experiment is to find out whether the girder can be considered to be a rigid body or not at the 

frequency of interest. If a girder can be built that is sufficiently rigid, we can use the girder as a base 

of alignment for the successive four structures. Then, the girders will be aligned along a standard 

line. If, on the other hand, a long girder cannot be assumed to be sufficiently rigid, each structure 

have to be held on separate girders, and be aligned according to an external reference line. 

For global alignment, one of the important issues is to establish a standard of alignment. The current 

focus of our study is on investigations of some fundamental features of suspended wire and a light 

beam. We will investigate other methods for a global reference, such as using astrophysical sources, 

a satellite system and so on. At the present, no proper method to construct a standard of alignment 

for the whole linac has been established. An experimental study has started for the test system. The 

range of the distance is about several meters. We will gradually expand the range of the experiment. 

It may be possible to perform experiments up to about 1 km at the site of KEK. To realize test 
experiments up to 4 km, collaboration may be required with a project involving a large interferometric 

gravitational-wave detector, such as LIGO.[l} 

Once a global standard is established, the components of linac will have access to the standard for 

aligning. We may regard this process as the extraction of information from the standard. The standard 

works as a sort of path for transmitting information. The degree of freedom for accession may be 

on the order of 105 over the entire linac. A ft.ow of information on the standard will be studied for 

optimizing the signal-to-noise ratio of each degree of freedom. 

Since our studies are at a very preliminary stage, this chapter describes our plan for test experiments 
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concerning the support and alignment systems and a few results. No definitive conclusions about the 

full engineering scope of the system are given. 

11.2 Standard of Alignment 

In order to align the components at their proper positions, one needs a standard line. The stan

dard should be studied from the viewpoint of the limit of length coverage and the limit of accuracy. 

Although there are some candidates for a standard, we have not studied yet all of them. 

11.2.1 Suspended Wire 

A suspended wire is one of the commonly used standards of positioning, because it is a simple and a 

convenient way to obtain a reference line in space. What is necessary for the wire as a standard of 

alignment is to have a well-defined shape between the suspension points. Any component of the linac 

can determine its certain position by measuring the relative position to the wire. Therefore, a limit of 

measurement has to be considered in order to know the accuracy of alignment. In the following, some 

basic features are discussed based on a simple model of a wire. After defining the model, we consider 

a static problem in order to understand the shape of the wire. Also, some discussion concerning the 

accuracy of the position is given. 

We consider a wire to be a single fiber with a Young's modulus E, a mass density p, a cross sectional 

area A and an area moment of inertia I. The wire is fixed at both ends. There is a tension on the 

suspended wire, which causes a stress in the wire. For a stable suspension of the wire, the stress 

caused by the tension should be less than the yield stress of the material. The value of the yield stress 

is much smaller than the elastic modulus of the wire. For example, the yield stress of steel is on the 

orders of 108 Njm2 . Then, the Young's modulus is on the order of 1011 Njm2 , and the shear modulus 

is on the order of 1010 Njm2 . Thus, compared to a transverse deformation, neither the longitudinal 

nor shearing deformation can be negligible on the wire. Thus, the transverse deformation of the wire 

is be considered. Any torsional motion is neglected along the wire. 

We define the Cartesian coordinate system (x, y, z) according to a right-handed oriented set, such 

that the x-axis points in the horizontal direction, the y-axis points up, and the yz-plane contains two 

suspension points of the wire. We assume a uniform gravitational acceleration 9 in the y-direction. 

Due to the symmetry of the problem, the wire should be in the yz-plane when it is in equilibrium. The 

shape of the wire is described as a function of y(z, t) for z E [Zb Z2]. A displacement of x(z, t) becomes 

important only for a vibration problem. It may be sufficient to treat it as a small perturbation around 

the equilibrium position. 
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Based on these assumptions, the kinetic energy of the wire is given by 

K (11.1) 

where the dot indicates the time derivative. The potential energy consists of the gravitational energy, 

the work due to the initial tension and the potential energy of elastic bending, as 

U = U grav + Up + Uelas , (11.2) 

where 

l 
z2 

U grav pAgyJl + y'2 dz , (11.3) 
Zl 

l 
z21 

Up _Fy'2dz, (11.4) 

l
Zl 2 

z2 

Uelas !EJ y"2 dz. (11.5) 
Zl 2 

Here, F is the tension and the prime indicates Rz. During a deformation of the wire, it is assumed that 

Young's modulus E, the mass density p, the cross-sectional area A and the area moment of inertia J 
are kept constant along the wire. A small displacement is assumed for Up and Uelas . 

The equation of motion is obtained by varying the action, 

s = J(K - U) dt, (11.6) 

with respect to y(z, t). The Euler equation 11.6 requires four boundary conditions. In the case of the 

wire being hinged at the suspension point, the boundary conditions are given by 

o (i=I,2). (11.7) 

It can be appropriate to avoid any influence of the rigidity of the wire near to the suspension points. 

For a practical setup, there could be a mechanism that controls the tension of the wire, at least at 

one suspension point. A schematic illustration shows an example in Figure 11.1. 

The Euler equation 11.6 represents a transverse motion of a uniform beam under tension in a constant 

gravitational field. In the case of a thin wire, the contribution of Uelas becomes smaller than the other 

terms in Equation 11.2, because the area moment of inertia depends on the fourth power of the 

thickness of the wire. For example, the parameters of an actual wire-alignment system used in the 

Accelerator Test Facility(ATF) of KEK have been evaluated. The parameters are shown in Table 

11.1. From Equation 11.5, the ratios of Up and Uelas to U grav have approximate values of 

Up/Ugrav ::;::j 0.3, (11.8) 

Uelas/Ugrav ::;::j 7 X 10- 10 
, (11.9) 
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mg 

• 

m 


Figure 11.1: An example of the tension controller. The wire bends smoothly on the wheel to balance 

the tension with a weight. The wire is equivalently hinged if the radius of the wheel is much larger 

than the diameter of the wire. 

symbol value unit 

diameter d 0.6 mm 

span 91 m 

tension weight m 33.5 kg 

maximum sag Ysag ~90 mm 

Young's modulus E 2.1 x 1011 N/m2 

density p 7.9xl03 kg/m3 

area moment of inertia I 6.4xl0- 15 m4 

cross sectional area A 2.8xl0-7 m2 

supplied tension mg 3.3xl02 N 

Table 11.1: Parameters of wire-alignment system of the ATF 

where the following approximations were used: Y ~ Ymax, Y' ~ Ymax / ( ~ ), Y" ~ Ymax / ( ~ )2 and 

Jdz ~ x(!). Compared with the dominant term of Ugrav , we could neglect Uelas , but had to keep 

Up in this case. 

Any stress caused by the tension must be smaller than the yield stress of the material of the wire. 

Thus, an applicable tension has an upper limit of O"y A, where O"y is the yield stress of the material 

and A is the cross-sectional area of the wire. By the same approximation in Equation 11.9, the ratio 

of Up/Ugrav is limited by 

O"y 2Ymax/l 
(11.10)

pgl -/1 + {2Ymax/l)2 ' 

where Ymax is the maximum sag and l is the span of the wire. The ratio Up /Ugrav becomes small 

in the case of a long span, although the maximum sag is large. From the above discussion, we could 
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take the action of a thin wire as 

S / (K Ugrav - Up) dt . (11.11) 

Substituting 9 = 0 into Equation 11.11, we obtain the action of a straight string under tension F. If 

Up is neglected in Equation 11.11, the solution of 8Stw = 0 would give the motion of a catenary. In 

the following sections, we will discuss some static and dynamical problems based on Equation 11.11. 

11.2.2 Catenary 

In this section we consider the stationary shape of a suspended wire. From Equation 11.11, a solution 

y(z) is determined by varying the potential energy with respect to z. We first focus only on Ugrav . It 

will be discussed later for the case of Ugrav + Up. 

The Euler equation is obtained by 

8Ugrav o. (11.12) 

The solution, which is known as catenary, is obtained as 

z - Zo
y(z) = Yo + h cosh -h- , (11.13) 

Hh _ (11.14) 

where H denotes a constant of the first integral of the Euler equation. Three constants Yo, Zo and h 

are determined from two boundary conditions Yl = y(zd and Y2 = Y(Z2), when the length of the wire 

is given. In the case of Zl -l/2, Z2 l/2 and Yl = Y2 = 0, the shape of the wire is given by 

y(z) h(COSh * cosh ;h) , (11.15) 

where l denotes a span of two suspension points. 

Figure 11.2 shows the function of Equation 11.15. To determine h, one needs the length of the wire, 

which is given by 

2h sinh 21h . (11.16) 

The constant H corresponds to the horizontal component of the tension. The horizontal component 

of the tension should be constant along the wire, because any horizontal plane is an equipotential 

surface of a uniform gravitational field. Thus, the vertical component is given by Fv = FhY'(Z) on 

the wire, where Fv denotes the vertical component and Fh denotes the horizontal component. Using 

(11.15), we obtain 

. l 
Fh smh 2h (11.17) 
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y 

-1.5 h=O.5 

Figure 11.2: This plot shows catenaries for h = 0.5, h = 1 and h = 5. Coordinate z is normalized 

by l/2. The larger h becomes, the shallower the curve becomes. 

at the end of the wire. In the case of h tending to zero, Fv goes to an asymptotic form, as 

Fh l 
2 exp 2h (h ~ 0). (11.18) 

On the other hand, the Fv asymptotically equals half of the weight of the wire, because Lw becomes 

much longer than l. By using Equations 11.14 and 11.16, Fv is expressed as 

h l 
"2pAgexp 2h (h ~ 0) (11.19) 

H l 
= - exp-. (11.20)

2 2h 

Equating Equation 11.18 to 11.20, we obtain Fh = H. 

One obtains an expression of the tension as 

JFJ+F~ , (11.21) 

H cosh(z/h) (11.22) 

Ft(z) takes a maximum, which balances the weight, as shown in the Figure 11.1, at z = ±l/2. In 

order to maintain a fixed shape of the wire, any stress caused by the maximum tension of Ft (±l/2) 

has to be less than any yield stress of the material of the wire: 

H l 

A cosh 2h < oy . (11.23) 


Here, Uy is the yield stress of the material of the wire. From Equation 11.23, an upper limit of a span 
is obtained by 

h-l Uy
2h (11.24)cos pgh' 

where the definition of h H / pAg is used. A span shorter than lui is allowed. Optimizing the right 

hand side of Equation 11.24 with respect to h, one may estimate the attainable span of the wire. 
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material 

steel 

brass 

Be-eu 

Be 

Ti 

W 

fused silica 

carbon fibre 

poly acethal 

lTy [108 Pal p [103 kg/m3 ] 2cPmaxQ)::. [kmJ 
~6.0 7.9 10 
~3.0 8.6 4.7 
~ 8.3 

~4.1 1.84 30 
~4.9 4.54 15 
~? 19.1 

~10 2.2 61 
~29 1.77 220 
~10 1.42 95 

Table 11.2: Attainable spans of a wire listed in the right-hand column. The values of lTy in this 

table are rough numbers for estimating the upper limit of the span. For the non-metallic materials 

listed here, the tensile strengths are used instead of the yield stress. The value of cPmax is of 0.6627, 
which is the maximum of cosh-1 (s ) / s in s E (1, 00). 

Table 11.2 lists the attainable spans of some materials, together with lTy and p. Regarding Table 11.2, 

it appears to be possible to suspend a wire over a distance of a few ten kilometers. We, however, have 

to consider about a sag of the wire. Substituting z = 0 into (11.15), we obtain the sag of the wire: 

Ysag = h(COSh :h -1) . (11.25) 

When one substitutes 1= 2cPmaxlTY / pg into the right hand side of 11.25, the sag becomes comparable 

to the attainable span, as 

lTy
Ysag 0.338 x 2cPmax- . (11.26)

pg 

According to the right-hand column of Table 11.2, a wire with fully attainable span is not suitable 

to be a standard of positioning. Thus, a wire alignment method may be applicable for a short span, 

compared with the length of the main linac. 

From a practical point of view, a small sag of the wire is preferable. At least, the sag must be 

smaller than the radius of the tunnel in which a linac is installed. According to Equation 11.25, the 

sag becomes smaller by making h larger. It is equivalent to supplying a large tension to the wire. 

Simultaneously, the span of the wire is restricted by Equation 11.24. From this and Equation 11.25, 

1lu is expressed by 

j8aYYsag [1 _~ 
pg 12 

(pgYsag ) 
lTy 

71 
480 

(pgYsag ) 2 

lTy 
~ 4480 (pgYsag )lTy 

3 

... ] ( 11.27) 

as a series of Ysag, where (pgYsag/lTy) < 1 is assumed. 
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11.2.3 Static Solution (General Case) 

From Equation 11.11, a static solution of a suspended wire is given as 

o. (11.28)8 (Ugrav + UF) 

Substituting 9 = 0 into Equation 11.28, we obtain a straight line as the solution. The existence of UF 

might be reasonable due to this fact. 

The solution of Equation 11.28 is represented by a parameter, p: 

z Gf + h) log(p + Vi + p2) + ~ f Vi + p2 , (11.29) 

1 
y hJ1 + p2 + 2fp2J1 + p2 , (11.30) 

where h === H / pAg, f F / pAg and H denotes a constant of the first integral of the Euler equation. 

The parameter p is just the tangent of the curve. Obviously solution 11.30 contains catenary as the 

case of f O. We may determine how the solution 11.30 is relevant for representing a real wire by 

some experiments. 

11.2.4 Accuracy of a Measurement 

When we use a suspended wire as a standard of the alignment procedure, any vibration problem is 

important in concerning the accuracy of the measurement. For our interest concerning the accuracy 

of a measurement, it is sufficient to consider a small vibration. We may assume that the local tension 

as well as the local density of the wire are determined by only the gravitational sag of the wire. A 

small vibration could be considered to be a ripple on the static solution. If the static solution is given 

by catenary, we may obtain a equation of motion: 

~ (F(S)au) (11.31)as as 
where s denotes the length along the wire, F(s) the local tension and u the transverse displacement 

from a catenary. Transferring the independent variable from s to z, we obtain 

1 0 (HOU) (11.32)
cosh(z/a) az az 

where H is the horizontal component of the tension. We may regard Equation 11.32 as being the 

motion of a wire with a constant tension and with a z-dependent density. Under a proper boundary 

condition, Equation 11.32 has eigenmodes { ~n } that satisfy 

2d2~ w Z 
__n + -.!.!:. cosh - . ~n 0, (11.33)
dz 2 ag a 

where Wn is the eigen-frequency and a === H / pAg. 
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Many external forces excite a vibration of the wire. These forces could be, in principle, isolated by some 

appropriate apparatus. After decreasing these disturbances, thermal noise appears as a fundamental 

limit of a measurement. The square mean of the thermal fluctuation of the wire is obtained in the 
following. 

An arbitrary deformation ~(z) can be expanded by a generalized Fourier series as 

(11.34) 

n 

where Cn denotes the coefficient of expansion and a normalized condition, 

(11.35) 


is established. The potential energy U is given by 

U (11.36) 

H ~ 22 (11.37)2ag LWnCn . 
n 

Consider a wire contacting a thermal bath at temperature T. Regarding {cn } as a generalized coor

dinate, the thermal fluctuation is given by 

< CmCn > 
n;o JdCj CmCn exp (-~) 

n;o JdCj exp ( - k~T ) 

(11.38) 

kBT ag 8 
H w~ mn , 

(11.39) 

where kB denotes Boltzmann's constant. The square mean of a the thermal fluctuation of the wire is 

given by 

(11.40) 

m n 

kBT "'" ag ~2= (11.41)H Lw2 n' 
n n 

The most important purpose of the wire as a standard of alignment is to make a line as straight as 

possible. This is realized by a large tension on the wire over a short span. It is equivalent to put 

cosh(z/a) :::::: 1 in Equation 11.33. We may treat the wire in such cases as a straight wire. In this case, 

the eigen-frequency and eigen-function are given by 

(11.42) 
ag 

f2 n1rZ 
(11.43)VIsinL' 
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where L denotes the length of the wire. In Equation 11.43, we assume that the wire is hinged at both 

z = 0 and z L. The last sum of Equation 11.41 is calculated in the case of Equation 11.43 as 

kBT z. (L ) (11.44)HL z , 

where we use the formula of 2:::0=1 sin2nz/n2 = z('iT - z)/2 in Z E [0, 'iT]. [2] 

For example, upon substituting T=300 K, H=328 Nand L=91 m into Equation 11.44, we obtain the 

maximum root mean square of the thermal fluctuation, 

v'< ~2 >max 1.7 X 10-11 m , (11.45) 

at Z = L/2. This value may be much smaller than the practical limit of measurements. 

11.2.5 Light Beam 

The velocity of particles (e±) in the beam is practically equal to the speed of light. According to this 

fact, a ray of light in a vacuum is a natural standard of alignment. An actual beam of light has a finite 

size. This causes some diffraction of the beam. Also, a beam in the atmosphere is affected by any 

inhomogeneity of refractive index due to hydrodynamic motions and thermodynamic fluctuation. From 

the viewpoint of alignment, the features of a light beam will be studied in a prototype experiment. 

11.3 Environmental Noise 

There are many quantities that determine the environment of the tunnel of the linac. Any fluctuation 

of those quantities can appear as noise in the alignment of the linac. In this section, a brief description 

is given concerning possible noise sources in the tunnel. A study about such environmental noise has 

also just started for an X-band linac. The structure of the tunnel for a linac, including power sources, 

should be considered from the viewpoint of optimizing it. 1vlost investigations will go further. 

11.3.1 Temperature 

The variation of temperature affects the physical properties of matter. An example is thermal ex
pansion. A typical value of the coefficient of linear thermal expansion is Q 10-5 I/K. A simple t'V 

way to reduce the effect of thermal expansion is to use a material with a small coefficient of linear 

thermal expansion. Some materials having a small expansion coefficient are listed in Table 11.3. Invar 

alloy may be used as a structural material instead of stainless steel when thermal stability is required. 

However, it should be noted that Invar is not corrosion-resistant. Also, this alloy is ferromagnetic. We 

measured the forced magnetostriction of Invar by interferometry at room temperature. A preliminary 

result shows t gJ; 7 x 10- 10 [1/(A/m)] under a change of magnetic field H=O - 9300[A/m]. 
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material a [11K] 

Invar 7 - 9 X 10-7 283K  323K 

Fused silica 5xl0-7 273K  323K 

Clearceram-z 8 xl0-8 273K - 323K 

Zerodure 5 xl0-8 293K  573K 

ULE 3 xl0-8 273K  473K 

Table 11.3: Materials with a small coefficient of linear thermal expansion. Invar is a steel-based alloy 

containing 36%Ni with small quantities of Mn, Si, and C, amounting to a total of less than 1%.[3} 

Clearceram[4}, Zerodure[5} and ULE[6} are glasses with a controlled expansion. 

Invar rod 

He-Ne LASER 

o 
PD 

Figure 11.3: Interferometric measurement of forced magnetostriction of Invar. The specimen is a 

12 mm ¢> Invar rod that is supported in a solenoid of 14 mm¢>x 100 mm with 1500 turns. 

We do not describe about any other effects of the temperature variation here. Even though the tem

perature is constant, it produces a thermodynamic fluctuation of the physical quantity in a system 

with a finite temperature. The thermodynamic fluctuation gives a fundamental limit of any measure

ment of a physical quantity. 

11.3.2 Atmosphere 

Any hydrodynamic motion of the air cause a mechanical motion of the apparatus due to momentum 

transfer. Also, a turbulent flow disturbs the propagation of light due to an irregularity in the refractive 

index. Even in static air, a light beam is scattered due to any thermodynamic fluctuation of the 

refractive index. Those noises will be studied in an experiment with a prototype local-alignment 

system, which is described in the last section of this chapter. 
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Acoustic noise also causes a mechanical vibration of the apparatus. This will be discussed in the 

section of vibration. 

11.3.3 Mechanical Vibrations 

There are many sources of mechanical vibrations, such as acoustic waves, human activities, the oper

ation of equipment in the laboratory and ground motion. Roughly speaking, the former three sources 

cluster in characteristic frequency regions as follows: 

• Acoustic noise is dominant above 100 Hz, 

• The vibration of machines, such as pumps, distribute at 10 Hz I"V 100 Hz, 

• The intensity of the spectrum at 1 Hz I"V 10 Hz has a difference in the daytime and nighttime, 

• The resonances of buildings and floors of the laboratory exist at 1Hz I"V 10Hz. 

These sources distribute above 1 Hz. Therefore, it may be possible to isolate any sensitive apparatus 

from such noise if necessary. 

An effective way to reduce the peak amplitude of the resonance is to use a low-Q material for con

structing mechanical structures. There exist some low-Q alloys. A manganese alloy, called M2052, 

has a large damping capacity and workability[7]. The strength of the alloy is comparable with that of 

some aluminum alloys. It may be useful to suppress any vibration of the cooling-water tubes if they 

are corrosion-resistant. Also, it may be useful to apply such techniques for air conditioning ducts. 

Ground Motion 

The requirement on the ground motion is tightly coupled to the alignment strategy of the ,whole 

system. Results of early investigations regarding the effects of ground motions on the operation of 

JLC have been reported in [8]. More studies related to ground motion will be re-initiated soon. 

Vibration Isolation 

The isolation of an object from vibration is realized by putting a mechanical low-pass filter into the 

object and the source of vibration. The simplest way to do this is to construct a harmonic oscillator. 

A schematic diagram is shown in Figure 11.4. The transfer function of the system is given by 

(11.46) 

(11.47) 
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m 

Figure 11.4: A simple vibration isolator. A mass m and a spring with a spring constant of k 

construct a harmonic oscillator. A damping force Fd is introduced. 

where Wr is the resonant frequency. We assume viscous damping, Fd = mQr (x-xg ), in Equation 11.47. 

In the case that Wr » wand w/wr » Q, the transfer function works as a vibration isolator, 

(11.48) 

According to Equation 11.48, we have to make Wr sufficiently smaller than the planned frequency 

of w. In order to realize a resonance frequency of Wr by a simple mass-spring system in the Earth's 

gravitational acceleration g, the length of the spring is equivalent to the length of a pendulum with 

the same resonance,! lequiv g/w;'. From a practical point of view, it is hard to obtain a vibration 

isolator with a mechanical resonance below 0.1 Hz in the laboratory. One has to use a special design 

or active spring for isolating low frequencies. [9] 

Active Vibration Isolator 

As mentioned before, a resonance frequency of wr /2tr =0.1 Hz is a practical lower limit of resonance 

in a passive vibration isolator. One can obtain effective isolation in the low-frequency region by an 

active isolator. Figure 11.6 shows the principle of an active isolator. The equation of motion of this 

system is given by 

mx 2
-mwr(X 

mWr .
Xs) - Q(X Xs) + In , (11.49) 

G(x - Xs + Xn) + Xg , (11.50) 

(11.51) 

1Assume that no offset stress exists. 
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Figure 11.5: Transfer function of a simple vibration isolator. A viscous damping force is assumed, 

Fd mQr. (x - xg ). The horizontal axis shows the frequency that is normalized by the resonant 

frequency. The plot shows the amplitude of the transfer function IHxg-xl with Q 10. 

where G denotes the loop gain of the feed back, f n the force noise and Xn the displacement noise. 

Upon solving Equation 11.51, we obtain 

(i1a +~) (xg + GXn) + ~ 
X(w) (11.52)

2 -=::L ~ -w + l+G + Q(l+G) 

The result corresponds to changing the system parameters as 

Wr --+ 
Wr 

(11.53)VI + G' 

Q QVl +G, (11.54) 

Xg --+ Xg + Gxn , (11.55) 

except for the effect of force noise. Therefore, we can improve the response of the vibration isolator 

if the gain G is sufficiently large. However, the noise performance has not been improved, even by a 

large G. Thus, a low noise electronics is required. 

11.4 Test System of Local Alignment 

A test system for local alignment was designed and fabricated. The accelerating structure is fixed on a 

v-block suspended by a link mechanism. The motion of the structure in the x-y plane is a pendulum

type motion without any rotation about the z axis. The laser beam is divided by the rectangle edge 
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m 

x - X 5 

sensorr-~~-L__~____~______~ ~ X 5 

~ Xg 

Figure 11.6: Active vibration isolator. The relative displacement, (x - x s ), is picked up by the 

sensor. Then, a loop filter feeds it back to an actuator. 

of a ring mirror. Any difference in the intensity detects the position of the structure. This error signal 

is fed back in order to keep the structure at the proper position. 
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12.1 C-band Main Linac System Overview 


12.1.1 Introduction 

Hardware R&D for the C-band (5712 MHz) rf system for a linear collider started in 1996 at KEK 

as development of a back-up technology for the main linacs of JLC. An accelerating gradient of 

32 MV 1m ( including beam-loading) will be generated by 50 IvIW C-band klystrons in combination 

with an rf-compression system. The klystron and its power supply can be fabricated by conventional 

technology. The straightness tolerance for the accelerating structures is 30 J,Lm, which is also achievable 

with conventional fabrication processes. No critical new technology is required in a C-band system. 

Therefore, a reliable system can be constructed at low cost with a minimum of R&D studies. The 

first high-power test is scheduled for 1997. 

The overall parameters are listed in Table 12.1 for 500-GeV and 1-TeV C.M. energy linear colliders. 

In the 500-GeV case, an accelerating gradient of 31.7 MV1m is generated by a 50-MW klystron in 

combination with rf pulse compression; thus, an active length of 7.3 + 7.3 km is required to reach 

500 GeV C.M. energy. A luminosity of 7.2 x 1033Icm2 Is (assuming that crab crossing is used) can be 

obtained using a 150 MW wall-plug power. The details are described in Chapter 2 and [3]. 
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CM Energy TeV 0.5 1.0 

Number of electrons per bunch X 1010 1.11 1.39 

Number of bunches per pulse 72 

Bunch separation nsec 2.8 

Repetition frequency Hz 100 50 

Bunch mm 0.2 

RF-parameters 

RF frequency GHz 5.712 

Peak input power at cavity MW 84.3 165 

Nominal accelerating gradient MV/m 40.0 56.0 

Effective accelerating gradient MV/m 31.9 46.4 

Wall-plug power for RF (2 linacs) MW 153 133 

Accelerating Structure 
Number of structures per beam 4184 5864 

Total length of cavities per beam km 7.53 10.55 

Structure Type CG with choke-mode 

Unit length of structure m 1.80 

Iris radius/wavelength 0.125 - 0.173 

Shunt-impedance MW/m 53.1 

Pulse-compressor 

Compression Scheme multi-cell coupled cavity 

Pulse compression ratio 5 

Pulse compression efficiency % 70 

Klystron 

Klystron peak power MW 50.3 98.6 

Efficiency % 45 70 

Number of klystrons per beam 2092 2932 

RF msec 2.44 

Modulator 

Number of modulators per beam 2092 2932 

Power efficiency from AC to pulse % 75 

Beam Dynamics 

Injection energy GeV 10 
Phase delay of rf-crest deg 14.5 10.0 

Structure tolerance 30 

Final focus 

Spot size at IP (horizontal) nm 318 318 
(vertical) nm 4.4 3.1 
Crossing angle (crab crossing) mrad 8.0 8.0 

x1033 7.2 7.6 

Table 12.1: C-band Parameters. 
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12.1.2 System Description 

Figure 12.1 shows a schematic diagram of one unit of the main linac rf-system. Two 50 ~lW klystrons 

are driven by two high-voltage pulse modulators independently, followed by a 3dB hybrid power 

combiner and pulse compressor to generate 350 ~lW peak power, which drives four accelerating 

structures. The pulse-compression action is performed by rotating the phase of the input rf-signal in 

opposite directions in each klystron. By combining two powers at 3-dB hybrid, the phase modulation 

(PM) is converted to the amplitude modulation (Al\1) of the ramp-waveform, which compensates the 

beam-loading effect in the accelerating structure. The energy-storage cavity consists of three coupled 

cavities using a low-loss TE01n mode. 

AC POWER LINE 

Beam-'oadlng compensation using Phase-Io-Amplitude Modulation 

LOSS 5% -4:i=4~==:::::::±U::::====="1l 

AcnVEMOVER 3"/4, afA. .. 0.13-0.17, vg=O.012-0.035c, 1'=53 Mll/m, 1l=286 na, r~0.53 

ALIGNMENT TORELANCE : (J - 30 "m I STRUCTURE 

TO STRUCTURES 

AcnVEMOVER 

PULSE COMPRESSOR INPUT 

II: 

~ 

~ 0' 

5 
~0 ___................._ 

nME 

Figure 12.1: Schematic view of one RF unit of the C-band main linac. 

We use a standard rectangular waveguide, EIA187 (47.55 mm x 22.15 mm, 3.95-5.85 GHz), whose 

attenuation constant is 0.03 dB/m (5% loss/m). 

Figure 12.2 illustrates advantages of the C-band main linac scheme. 
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Pulse Modulator 

High reliability, good efficiency, simple 

Low PFN voltage: 43 kV 

--> long life for 


thyratron & capacitors. 

Efficiency AC to Pulse - 75 % 

Compact modular design 

No de-Q'ing ( simple) 

Inverter HV supply 


Pulse Compressor 
Good efficiency. compact 

Small Size .160 xL1000 mm 
Good Efficiency > 70 % 

Beam Line ---t-------t..... 

Mover 

Parameters are for 500 GeV C.M. Energy case. 

In 1 TeV upgrade case, we use 100 MW klystron and 

longer linacs by 3.5 km for each beams. 


50 MW C-band Klystron High Reliability 

Large Beam Drift Tube Diameter: 16 mm 

Lower Gun Voltage : 350 kV 


Pulse Transformer Good efficiency 

HV-Pulse length of 3 IlseC is best fit to 
conventional pulse-transformer and PFN. 

8m 

Figure 12.2: Advantages in the C-band RF design. 

12.1.3 Klystron Power Supply & Pulse Transformer 

The filling time of the accelerating structure scales as 

(12.1 ) 

At the C-band, it becomes 280 nsec. Including the pulse-length of the beam and a compression factor 

of five in the rf-compression system, the rf-pulse at the klystron becomes 2.44 J.LS. Including the rise

and fall-times, the pulse-length of the high-voltage applied to the electron-gun of the klystron becomes 

3 J.Ls or longer, which is quite suitable for the conventional power-supply consisting of a Pulse Forming 

Network (PFN) and a step-up pulse-transformer. This type of power supply has been used in many 

linear accelerators, owing to its high reliability and good efficiency. 

To charge high-voltage into the PFN capacitors, we use an inverter power supply. Such a high-voltage 

power supply has been widely used to drive pulsed lasers for a long time. Modern technology for 

power-semiconductor devices (such as IGBT) has improved the power efficiency by better than 90 %. 
Using this power supply, we can simplify our modulator design, making it modular according to the 

required functions: the inverter power supply (DC block), the PFN module (pulse forming block), 

and the pulse-transformer tank (matching block to a klystron). With this approach, it becomes easier 

to reduce the cost, improve the reliability and ease maintenance. In the case of a failure, we simply 

replace any broken block with a new one and send the old one to a factory for repair. 
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12.1.4 C-band Klystron 

Since the klystron drift-tube diameter is proportional to the rf wavelength, we can use an electron 

beam with a larger diameter than that of the higher frequency bands. It also makes it easier to design 

an electron gun with a larger cathode to extract a higher beam current. Therefore, we can design 

the beam voltage to be as low as 350 kV, which enables the PFN voltage to be as low as 43 kV. At 

this voltage level, it is easier to obtain suitable PFN-capacitors from the existing ranges of various 

manufacturers. 

12.1.5 RF Pulse Compressor 

We use a three-cell coupled-cavity pulse-compressor instead of a delay-line type pulse-compressor. 

The cavity is compact, having a length of 1 m, and its diameter is 160 mm. Therefore, it will be 

easier to fabricate at lower cost. A computer-simulation code was made to simulate the time response 

of the coupled-cavity system, which has shown a maximum efficiency of as high as 70 %. The details 

are reported in [5]. 

12.1.6 Accelerating Structure 

We use a choke-mode cavity structure[6], in which all of the higher-order modes are heavily damped. 

Therefore, the multi-bunch wake-field and any associated instability will not harm the beam emittance. 

The only concern is the single-bunch emittance dilution due to the short-range wake-field, which is a 

strong function of the iris aperture. We use a relatively large iris-aperture: average < 2a >= 16 mm. 

As a result, the straightness tolerance for one structure becomes 30/-Lm or larger. This is a controllable 

level in conventional fabrication techniques of the disk-loaded structure. To eliminate any stress and 

make the structure straighter, a low-temperature brazing technique will be adopted[16]. 

To align the structure with a beam, we use an RF-BPM attached to the structure. This type of 

RF-BPM was tested using the FFTB beam line at SLAC in December, 1995[18]. It demonstrated a 

very high resolution of 44 nm for a single bunch. Three RF-BPM were assembled in one block, and 

the misalignment between them was measured with an electron beam. It was only 3 /-Lm. This is a 

quite promising result for a structure-alignment procedure. 

The dark-current problem due to field-emission under a high accelerating gradient has been studied 

using computer simulations[19], from which no serious contributions to the background in the detector 

at IP is expected at the C-band frequency. 

12.1.7 Hardware R&D Program 

In January, 1996, hardware R&D formally started at KEK as development of a backup technology for 

the main linacs of JLC. In 1997-1998, we will construct one unit of the rf-system. Since we use one 
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klystron, the input rf will be directly amplitude modulated to demonstrate the flat-top output from 

the compressor. The first klystron tube will be available in 1997. 

12.2 C-band RF Pulse Compression 

12.2.1 Introduction 

Multi-bunch operation requires a flat-pulse output from the rf-compressor. For this purpose, the 

SLED-II was presented by A. Fiebig and C. Schieblich[7] in 1988, which was then developed at 

SLAC[8] as the X-band NLC component. The SLED-II stores the energy of the input rf into two 

delay lines, and compresses the pulse into a square-pulses by reversing the input rf phase. A unique 

idea, "DLDS" was proposed by H. Mizuno[9], in which a delay-time of the rf-power to propagate 

along a low-loss delay-line is utilized to cancel the traveling time of the electron beams to go down 

the beam-line. By overlapping two or four traveling-waves in hybrid combiners, we can multiply the 

rf-power by two or four times with sufficient efficiency. This is a candidate to solve the power-efficiency 
problem at the higher frequency bands. 

One difficulty in using these schemes at lower frequencies arises from the physical length of the delay

line. The required rf-pulse length to fill the disk-loaded accelerating structure becomes longer at lower 

frequency bands. At the C-band (5.712 GHz) frequency, it becomes 500 nsec, including the beam 

pulse length, which requires a delay line 75 m long. This is very long, and such a system would be 

expensive, too. 

RF power from klystron 
(with phase-flipping) 

Coupled Cavity 

Pulse Compressor 

3 dB coupler 

Oversized 

TE01n 

I.. 1 m -I Compressed RF power 
to accelerating structures 

Cavity 

Figure 12.3: Basic schematics of a three-cell coupled-cavity compressor, SLED-III. 


To solve this problem, a new method, which uses (I) a coupled-cavity comprising disk-loaded cells for 
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energy storage in the pulse-compressor and (2) an Atv1-modulation on the input rf-power to obtain 

a flat pulse, has been proposed. Figure 12.3 shows its schematic diagram. This scheme uses a 3-cell 

coupled cavity as an RF energy storage. After the filling time, when the input RF phase is flipped 

by 180 degrees, the compressed RF pulse is emitted into the output port. No reflection power goes 

back into the input port, because of the 3-dB hybrid coupler. This feature is similar to the case with 

original SLED. The difference lies in the use of coupling irises which limit the group velocity of the 

propagating wave inside the 3-cell cavity. Thus, the cavities act like a delay line. This allows to build 

the C-band pulse compression system in a very compact manner. 

This section presents the design considerations and preliminary results from a cold-model testing of 

the RF pulse compression based on a 3-cell coupled cavity. We, hereafter, call this scheme SLED-III. 

12.2.2 Coupled-Cavity Pulse Compressor 

For SLED-III, we consider a coupled-cavity system with uniform impedance (each cavity has the same 

Q-factor, the resonance frequency and the cell-to-cell coupling constant). We consider the 1r/2-mode 

(the phase advance per cell is 1r/2). Since the 1r/2-mode stays in the middle of the passband, the rf 

phase does not deviate from zero during the transient time. To avoid field cancellation at the 1st cell, 

we can use only odd number for the total number of the cells, that is, N 1,3,5, 7,... 

In the case of a uniform coupled-cavity pulse compressor, we can estimate the performance using 

SLED-II theory. We define a compression ratio as, 

__ Klystron pulse duration Tin
Cr (12.2)

Compressed pulse duration Tout 

The compressed pulse duration is equal to the round-trip propagation time of rf-pulse in the coupled

cavity chain, which is given by 
Tout = 2(2N 1) (12.3)

kw 
from which we can determine the coupling constant k. The one-way attenuation constant is given by 

T N/kQ. (12.4) 

The input voltage-reflection coefficient is 

k 2/0L1 
S = --'-:-- (12.5)

k + 2/QLI 

Where QLI is the loaded-Q of the 1st cavity. According to SLED-II theory [10] , there is an optimum 

value of s t.o maximize the power gain (loss-less case), 

Sopt '" l/[Cr - 1/2t l /(C1.-3/2). (12.6) 

Using Equations 12.5 and 12.6, we can determine QLI. 

In order to study the pulse response of a coupled-cavity system, a comput.er simulation code has 

been written, which solves an equivalent.-circuit model in the time-domain[11]. Figure 12.4 shows the 

JLC Design Study Report, AJay 20. 1997 

http:comput.er


431 C-band RF Pulse 

simulation result for a pulse-compressor using a 3-cell coupled-cavity, where the input rf-phase was 

flipped once in the same manner as in SLED-II. The expected pulse length compressor factor is 5. 

Thus, the effective power efficiency is 70 % ( = 3.5 / 5). 

Coupled-Cavity Pulse Compressor 

Ncav = 3 
fo =5712 MHz 

C, =5 
Q o =200k 

4 f--- Q 
u 

=10.4k 

k =0.0009 

- 1 

_4~~~I~~~I~~~t~~~~~~~~~~~~i~~~ 
o 0.5 1 1.5 2 2.5 3 3.5 4 

Time (f.1sec) 

Figure 12.4: Simulation result for a SLED-III RF pulse compressor with a simple phase-flip. 

The 1st cavity voltage shows a step-by-step build-up pattern. Each step corresponds to the round-trip 

rf propagation along the coupled-cavity chain. When the rf-phase flips, the compressor emits a sharp 

spike at the beginning, followed by a swing. This is a consequence the use of an energy-storage cavity 

with multiple cells. The existence of irises shortens the required length of the energy-storage cavity. 

However, it causes a frequency dispersion effect in the propagating wave, resulting in a large distortion 

in the output waveform. A solution to this issue is discussed in the next section. 

12.2.3 Flat-Pulse Generation by PM-AM Modulation 

The solution for controlling the output pulse shape of SLED-III at will is to introduce a means to 

modulate the amplitude of the input RF power. Figure 12.5 shows the pulse-compression system 

considered for a C-band version of the JLC main linac, including a solution. 

Generally it is not a good idea to directly modulate the amplitude of the input rf power to the klystron, 

because the klystron has a non-linear input-output characteristic, and the power gain is quite sensitive 

to any change in the beam parameter. To stably operate a klystron, we usually use a saturation mode. 

In our system, we keep the input rf power at a constant level, but control the rf-phase and combine 

the rf-power from two klystrons by a 3-dB hybrid combiner. By rotating the phase into the opposite 
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C-band RF System for e+e- Linar Collider Phase-to-Amplitude Modulation 

Phase Modulator 50MW Klystron 

Coupled Cavity "'3dB Hybrid Coupler 
Pulse Compressor 

Pulse 1 100" 2: ~sec 
compressor 
input 

Output 
Power 

Eacc =31 MV/m 

TE01n 
Cavity 

Figure 12.5: Schematics ofa SLED-III RF pulse compression system, considered for a C-band version 

of the main linacs of JLC. 

direction to each other, the phase modulation (PM) is converted to the amplitude modulation (AM). 

The vector sum goes to the pulse compressor, and the vector difference (quadrature component) goes 

to a dummy load attached to the hybrid. 

Since the two vectors rotate in opposite directions, the vector sum always runs on the real axis, and 

no phase change is caused in the output sum vector. The amplitude of the two vectors is adjusted to 

be of the same value with the input RF power knob. 

Figure 12.6 shows the simulated output waveform. A power gain of 3.5 and a nominal efficiency 

of 70 % are achieved. To obtain a high Q-factor of 200,000 at the C-band, we use a low-loss mode 

TEO,1,15 in a pill-box cavity having a diameter of 157 mm, a length of 400 mm. We use three pill-box 

cavities in series. Since the middle cavity stores less energy, we can reduce its length. The total length 

of the cavity is about 1 m. The details of the cavity are being designed. 

Under multi-bunch beam operation, the accelerating gradient inside the structure decays exponentially 

due to a beam-loading effect. To compensate this, we slowly increase the power during the filling

time. When the wave front reaches the end of the structure, we start the beam pulse and keep the 

input power at the maximum level. In Figure 12.6, the input rf-power was controlled so as to follow 

a programmed waveform, which starts from 0.3 normalized power, and linearly increases up to a 

maximum power of 3.5 during a filling time of 280 nsec, then stays constant at the maximum. 

Figure 12.7 shows the variation in the power gain as a function of the total number of cavities. In the 

case of a uniform coupled-cavity system, the power gain increases along with increasing the number 
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Figure 12.6: Simulated output pulse shape from a SLED-III system with PM-AM modulation. 

of cavities, and slowly approaches a maximum value of 3.5, which is the optimum power gain of an 

ideal SLED II at r 0.02. Therefore, there is no good reason to use a large number of cavities. 

; ; 

Gai~ EnhanC~d by 
Non-uniform Coupled Cavity 
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c 
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Figure 12.7: RF power compression gain vs. the number of cells in the compressor cavity. 
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The left-most point at cavity number 1 corresponds to the conventional SLED system. It is noticeable 

that by using the PM-AM modulation scheme, even a conventional SLED can generate a flat pulse 

with a sufficient power gain as high as 3.1. This feature will be useful for applying the scheme to 

existing linacs implemented with the SLED system. 

The solid circles in the figure represent the non-uniform coupled-cavity case. Since the beam-loading 

compensation requires less power at the beginning of a pulse, it is better to store less energy in the 

first cell, and more energy in the 3rd cell. The middle cell acts as a transformer, which can be used 

to step-up or down the field intensity in the 1st and 3rd cells. The stored-energy ratio is proportional 

to the square of the coupling-constant ratio; in Figure 12.6 it is U3/U1 = (kI2/k~3 2.4). As can be 

seen in Figure 12.7, using a non-uniform coupled-cavity system, three cells are sufficient to obtain a 

sufficient power gain of as high as 3.5. 

12.2.4 Feedback Control for Beam-Loading Compensation 

One problem of using the PM-AM modulation scheme in a practical rf-system is how to generate the 

modulation pattern. We can analytically solve the pulse response of the non-uniform coupled-cavity 

system for a simple input waveform case[12], which is very useful for optimizing the parameters. How

ever, the actual waveform for energy compensation in the accelerating structure takes a complicated 

form. Additionally, the actual beam current is not a simple and perfect square waveform. As a result, 

the modulation pattern for the klystron input signal becomes quite a complicated form; it would thus 

be difficult to generate the modulation pattern from the theoretical equations. 

Drvie RF Line 

Energy feedback tracks the target waveform 
by pule-to-pule error correction. 

tt-.~~~.~a~------
rf pick up ------------coollng water-----------

I Mlcroprocessor-l 

'._.1--1-..:..==-.:::....---... ;~;.;::••k.1 

1 control. 

Figure 12.8: Schematic diagram of the RF feedback system. 
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To solve this problem, we use a practical method, which uses feedback-loops for: 

1. A beam-to-rf phase adjustment, 

2. An energy-gain adjustment, and 

3. Water-temperature control. 

The rf-vector-detector rectifies the rf signal using the phase reference from the rf drive line. The 

detected waveforms are sampled and digitized in the in-phase and quadrature-phase components. 

They are stored in fast memories in each pulse. The rf waveforms are also monitored at the klystron 
output and the pulse-compressor output. The microprocessor computes the error in the beam-phase 

voltage, and corrects the phase-modulation pattern in order to track the target waveform (target 

energy gain), which is directed from the main control computer. The quadrature-phase voltage gives 

the phase error, from which the phase-offset in the rf drive line is corrected and the cooling-water 

temperature is controlled. 

Since the energy gain is always monitored and controlled by a microprocessor, a slow variation of the 

klystron output-power, or a fast, but repeatable, ripple on the klystron modulator output, will also 

be compensated. As shown in the schematic, since all feedback loops are closed in one unit of the 

rf-system, and isolated from the other units, beam operation becomes quite simple and easy. Every 

unit runs automatically to give a constant energy gain to the beam. In the case of a failure in one 

unit, the main computer directs other units located in the same sector to increase the energy gain. 

They follow the new target value within 10 pulses or less, that is, within 0.1 s. 

12.2.5 Prototype Studies of SLED-III 

Design of the Cold Model Energy-Storage Cavity 

Figure 12.9 shows the cold-model of the RF compressor. One delay line is sufficient for studies of RF 

pulse compression by detecting the reflection wave using a directional coupler. The input power is fed 

through a rectangular waveguide, converted into circular TEOl-mode in the newly developed mode 

converter. The RF power is, then, injected into the 3-cell energy storage cavity. The total cavity 

length is about 1 m. 

The design and achieved parameters of the system are given in Table 12.2. 

In order to obtain a high Q-value in the low-loss mode, a copper pipe with a large diameter needs 

to be used. We have chosen the pipe diameter to be 152.60 mm. This corresponds to ka 9.12. 

Since the operating frequency is much higher than the lower cutoff frequency, which is 1.1 GHz for 

TEll, a large number of unwanted modes come to exist, as shown in Figure 12.10. We use TEOln 

mode for the energy storage. To avoid mode-mixing, all of the structures in the energy-storage cavity 

was made cylindrically symmetric. This prevents any mode-coupling to the modes other than TEOn. 
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Figure 12.9: Schematic figure of the cold-model of a energy-storage cavity and a mode converter. 
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1st cell 2nd cell 3rd cell 

Diameter (mm) 152.60 152.60 152.60 

Length (mm) 432.57 144.06 433.30 

Mode TEO,1,15 TEO,1,5, TEO,1,15 

Q (measured) 181,000 82,000 187,000 

1-2 cell 2-3 cell 

Iris diameter (mm) 43.6 42.4 

k (designed) 1.00 0.65 

k 0.95 0.66 

Table 12.2: Parameters of the energy-storage cavities. The symbol k stands for the coupling constant 

between two neighboring cavities. 

Additionally, in order to avoid direct excitation of those modes from the external circuit, a mode 

converter is employed. 
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Figure 12.10: Mode diagram of the 3-cell energy-storage cavity system. 

From a simulation with the measured coupling constants, the highest attainable power gain is 3.45. 
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Tuning of the Cavity 

The 7f /2-mode pattern and its resonance frequency are exactly identical to the modes to be excited 

when those cavity cells are independently considered. Practically, cell-modes can be created by replac

ing the neighboring cells with detuned cavities. Since the dimensions of the detuned cavity are chosen 

not to resonate at the target frequency in any mode, no power can leak into the detuned cavity; all 

the fields are trapped within the test cell. 

The cell-modes were measured by using detuned cavities. Based on the measurements, the lengths of 

the cells were carefully tuned by machining, so as to match the target frequency. All three cells were 

tuned to a high accuracy, with the maximum error being 100 KHz on the 2nd coupling cell. 

Mode Converter 

In order to limit the number of propagation modes inside the circular waveguide a relatively small 

diameter, 80 mm, was chosen for the mode converter. The four coupling irises generate rotationally

symmetric electric field. If the symmetry is exact, only TE01 mode would be excited. Residual 

imbalance, however, can generate a small amount of TE21 mode. Computer simulation using HFSS 

predicted the excitation power of unwanted mode is less than 1 %. 

The RF performance of the mode converter was measured from the rectangular waveguide port, while 

attaching a matched load in the circular waveguide. The measured VSWR was 1.05 with a bandwidth 

of 5 IvIHz. 

12.2.6 Results from the Cold-Model Test of SLED-III 

The input pulse for this cold model measurement was generated by AM modulation with a double

balanced mixer. The modulation signal was provided by HP8175A Digital Signal Generator. The 

input signal was fed to the cavity, then the reflected signal was detected. 

Fine trimming of the modulation pattern was performed to maximize the power gain and to make the 

top portion of the output pulse as flat as possible. The resultant output signal is shown in Figure 12.11. 

In the trace (A) of Figure 12.11 the entire output pulse shape is shown. The horizontal axis gives 

the time in the 500 ns/div scale. The trace (B) shows a magnified view of the flat-top of the output 

pulse. The horizontal axis gives the time in the 100 ns/div scale. At the flat-top, the output power is 

constant within 1 %. The measured power gain Gp is 3.25, which is 98 % of the expected value, 3.45. 

Further analysis on the power gain measurement is under way. 

12.2.7 Discussion 

The required tuning accuracy of SLED-III cavity cells was estimated by the coupled cavity analysis[13]. 

Thanks to the high stability of the 7f /2 mode, errors in the cell resonance frequency do not cause large 
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(A) 

(8) 

Figure 12.11: Output pulse from the SLED-III cold-model testing. (A) shows the entire output 

pulse. (B) shows a zoom-in view of the fIat-top. 

phase or voltage errors in the stored field. Therefore, tuning accuracy of the cell-to-cell frequency is 

not tight. For example, a 300 KHz frequency error (relative frequency error of 10-4 , which corresponds 

to dimensional error of 50 J..lm of cavity length, or 15 J..lm of cavity diameter) on the 3rd cavity causes 

only a 1 % amplitude error and a 0.06-degree phase error in the 3rd cavity voltage. The leakage 

power into the 2nd coupling cell is sensitive to the 3rd cavity error. However, deterioration in the 

total Q-factor due to this leakage is only 0.67 %. Dimensional accuracy in a practical machining of a 

cylindrical cavity on a turning lathe is much better than the error assumed above. 

vVe need to study the error effect due to the brazing process. According to some experience in 

fabrication of the disk-loaded structure, the resonance frequency shift due to brazing is below 200 KHz 

at S-band (2856MHz). Therefore, the brazing should not cause a difficulty. 

JLC Design Study Report, lYfay 20, 1997 



440 '-./..JIC....... ' ... "'.. 12. C-band Main Linac '-'LJ·" ....,'.... 

After the brazing, we will measure the 1r/2-resonance using the detuned cavity mounted on the end 

plate of the 3rd cavity to bring its frequency to the right operation frequency of 5712 MHz. The 

1r/2-mode resonance frequency is simply given by 

U1W l + U3W3 
W-rr/2 (12.7)

U1 +U3 

where Un is the stored energy in the n-th cavity. Since a large energy is stored in the 3rd cavity, we 

can adjust the 1r/2-mode resonance by tuning the 3rd cavity frequency. To obtain phase stability of 3 

degrees in the compressed RF pulse, the required frequency accuracy is 8 kHz. The temperature must 

be kept constant within 0.1 degrees C. 
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12.3 C-band Accelerating Structure 


12.3.1 Introduction 

Multi-bunch beam operation is essential for obtaining the high luminosity needed for physics experi

ments at JLC. It is also very important to accelerate a low-emittance beam in the main linac to achieve 

a nano-meter size beam at the collision point. However, this is not easy because of the wake-field 

power that accumulates in the structure. 

Thus, R&D on HOM-free structures is one of the most important issues for the realization of a 

linear collider. There have been some ideas for HOM-free structures. However, some of the early 

concepts involved a rather complicated cell shape, leading to difficulty in the fabrication process of 

the accelerating structure. In 1992, T. Shintake proposed a simple HOM-free accelerating structure 

which combines a choke-mode cavity with rf absorbers. 

A high-power model structure, 0.5 m-Iong, was built for the S-band (2856 MHz), and beam tested at 

KEK (July 1994) to confirm its performance[14]. The beam was accelerated with an energy gain of 

26 MeV at an accelerating gradient of 52 MV1m. The main purpose of the first experiment was to 

confirm the high-power performance of this structure; it was very successful at that. However, at that 

time, HOM absorbers were not implemented. 

The next step of the R&D program was started in 1996. Both an original and a modified C-band (5712 

MHz) high-power choke-mode-type structure are now under development, as will be discussed in the 

following sections. The modified scheme of the structure is devised to avoid the need for providing 

a separate, outer vacuum chamber, and to introduce an in-line-type rf dummy load, which will be 

installed on few last cells of the structure. 

SiC-ceramic is one of the best materials for a microwave absorber, and has been adopted for the 

high-power dummy load at the KEK-PF linac and the ATF injector linac[15]. SiC-ceramic will be 

used as the HOM absorber, and also for the in-line dummy load, which will be put in the last few 

cells to terminate the rf power. 

This section describes the details of the choke structure and its fabrication problems. 

12.3.2 Concept of the Choke-mode Cavity 

One of the best solutions to damp the wake-field excited by an intense beam in an rf-structure is to 

allow the wake-field to exit out of the cavity [6]. In the choke-mode cavity this is done by making a 

cut in the cavity wall, which connects the cavity to a parallel plate radial line with a good rf absorber 

at the end of the line. The structure does not have a cutoff frequency from DC to high frequency. 
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Thus, the wake-field power at all frequencies propagates very smoothly out to the rf absorbers. 

~c7~-

oke Filter 

1J4 Trapped 

Accelerating 


Mode 


~ Support & Copper Disks 
~ Cooling Water Channel 

Figure 12.12: Choke-made-type accelerating structure 

However, if only this is done, the accelerating mode also propagates out and is dumped into the rf 

loads. Thus, it is necessary to cut off the accelerating mode; this can be done by inserting a choke 

filter between the accelerating cavity and the rf absorber. The choke filter has a very simple groove 

shape and surrounds the accelerating cavity, as shown in Figure 12.12. From the manufacturing point 

of view, the choke-mode-type cavity has a significant advantage over any slot-type HOM-free (or 

damped) structure. 

12.3.3 Parameters of the Accelerating Structure 

The structural parameters for JLC phase-1 (500 GeV at C.M.) are listed in Table 12.3. The sensitivity 

to alignment errors in a constant gradient structure is approximately proportional to a -3.5, where a 

is the iris aperture radius. Thus, the iris diameter 2a is the most important parameter, which is 

determined to obtain a realistic alignment tolerance of 30 J.Lm per cavity. 

The structure was designed so as to obtain an unloaded electrical field gradient of 40 MV at 83 l\!IW 

of rf input power. The required klystron peak power would be 50.3 MW at a 2.5 J.Lsec pulse width and 
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Table 12.3: Main Parameters of the C-band accelerating structure. 

Frequency 5712 MHz 

Phase shift per cell 31T-j4 

Field distribution C.G. 

N umber of cells 91 cell 

Active length 180 cm 

Iris aperture (2a) : up-stream 1.82 cm 

: down-stream 1.31 cm 

Cavity diameter: up-stream 4.47 cm 

: down-stream 4.25 cm 

Disk thickness: t 0.4 cm 

Quality factor: Q 9950 

Group velocity: up-stream 0.035 c 

: down-stream 0.012 c 

Average shunt impedance: r s 53.1 Mn/m 
Attenuation parameter 0.53 

286 nsec 

100 pps repetition rate, which should be available without major new R&D. The loaded electrical-field 

gradient will be 31.9 MV 1m, with 1.11 x 1010 electrons per bunch and 72 multi-bunches. For the case 

under consideration, the active length is 14.7 km for the two linacs. The system is comprised of 4184 

klystrons and their modulators, and 8368 accelerating structures. The wall-plug power requirement 

is 153 MW for the two linacs (Chapter 2). 

12.3.4 Fabrication of the Choke-Mode Structure 

An original choke-mode-type structure is shown in Figure 12.13. Each cell comprises an accelerating 

cavity with a choke, button-shaped HOM absorbers and cooling-water holes. From a manufacturing 

point of view, there is no special requirement for machining technique. Typical high-precision machines 
can deliver machine parts with less than 10 J-Lm errors, which is sufficient for the C-band to work. 

At this time, a limiting technology is the brazing process between the SiC-ceramic absorbers and the 

OFHC copper plates. In general, it is very difficult to join a SiC-ceramic to OFHC copper, because the 

thermal-expansion coefficients of the two materials are quite different: SiC-ceramic has"'" 4.6 x 10-6 

and OFHC copper has"'" 2 x 10-5 . Another problem is deformation arising during brazing at high 

temperatures. R&D work on these issues is in progress. 
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Figure 12.13: Original version of the choke-mode structure. 

12.3.5 Modified Choke-Mode Cavity 

The original choke-mode accelerating structure has open slots between the cells. Thus, the entire 

structure must be located inside a vacuum chamber. Also, an external rf-Ioad must be attached for 

high-power operation. This tends to push up the cost of the system. 

For reducing the cost, a modified choke-mode cavity is being considered in order to avoid an extra 

external vacuum chamber and to introduce an in-line rf dummy load, as shown in Figure 12.14. The 

structure is vacuum tight in itself, since it is closed by ring-shaped OFHC copper spacers. This is 

quite the same as conventional structures. There are two cell types. The first one is just a typical 
copper cell; the second type has two SiC-ceramic absorbers, one on each side of the cell. The two 

kinds of cells are stacked alternately with spacers, which are mounted between them. The SiC-ceramic 

absorber size will be ID = 9.6 cm¢, OD = 11.6 cm¢ and t = 1 cm. 

An external rf-Ioad is not necessary, because the SiC-ceramic in the last few end cells can be used as 
an rf dummy load. The leak rf power from the accelerating cavity to the SiC-ceramic is controlled by 
de-tuning the choke cavity so as to equalize the loss along the axis. 

Recently, the ring shaped SiC-ceramic of the size stated above was successfully joined to the C-band 

cavity by vacuum brazing with a special alloy at 710 deg C. 

Thus, developing a low-temperature brazing method, such as is possible with Sn (Tin) alloys, which 

have a temperature range of 139 to 724 degC, was a priority issue. However, the now SiC-ceramic 

has now been successfully joined to OFHC copper by using a Sn+Au alloy low temperature brazing 

material. 
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Figure 12.14: Modified version of the choke-mode accelerating structure. 

JLC Design Study Report; ]\t!ay 20, 1997 




446 Chapter 12. C-band Main Linac Option 

12.4 C-band Main Linac Alignment Issues 


12.4.1 Estimation of the Structure Alignment Tolerance 

The alignment tolerances of the accelerating structures were estimated using tracking simulations 

and a numerical method[20]' while taking into account short-range transverse wake-fields, which were 

assumed to be a linear function of the distance. Multi-bunch effects caused by long-range wake-fields 

were ignored, because we will chose choke-mode cavity structures in which higher order mode fields 

will be heavily damped by use of the choke-mode structure. 

For short bunch beams, the alignment tolerance of the accelerating structures is proportional to the 

inverse of the slope of the short-range transverse wake-field, W', which was assumed to be constant 

(see Appendix). The short-range transverse wake-fields were calculated by Yokoya[21] for constant

impedance disc-loaded structures. The strength of the wake-fields depends on the aperture of the 

structures. Fixing the resonant frequency of the fundamental mode and the length of a cell, W' at 

a distance 400 J-lm, which is 20- of the bunch length, is found to be approximately proportional to 

the aperture radius. Since our structures are designed to have a constant gradient with a different 

cell-to-cell aperture, we took the average of all cells to estimate the wake-fields. We used a(average)= 

8.0mm or aj;\(average) = 0.152, where ;\ is the wave length of the fundamental mode, and obtained 

W' = 1.0 X 1019 V jCjm3 . 

The injection energy and final beam energy were set to be 20 GeV and 250 GeV respectively. 1 The 

lattice was a FODO lattice with a beta function that varies approximately as the square root of the 

beam energy, in a manner similar to what is presented in Chapter 8 for the case of the X-band main 

linacs. Number of accelerating structures between the quadrupole magnets is an even number, and 

also varies approximately as the square root of the beam energy. 

As discussed in [20], the tolerances depend on the length of the alignment unit. Assuming that 

the structures are perfectly straight in each unit, and that each unit is aligned with respect to the 

beam line with a random transverse offset, the alignment tolerance is proportional to the inverse of 

square root of the unit length if the length is small compared with the beta function. The reason for 

this is that the effects of the wake-fields can be averaged over a length comparable to the betatron 

wavelength. In the case that each 1.8 m long structure is an alignment unit, the estimated tolerance 

for the vertical displacement is 30 J-lm for 25% emittance growth. 

1 In the latest parameter set that is presented in Chapter 2, the injection energy to the C-band main linacs has been 

lowered to 10 GeV. Effects of this revision to consideration on the C-band alignment tolerance is considered to be a few 

percent. 
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12.4.2 Alignment of the Accelerating Structure 

Since it will be necessary to align the accelerating structures with respect to the beam in rather 

tight tolerances, a cavity-type BP1t1 will be attached at each end of the structures and the transverse 

positions will be adjusted by fine movers. 

The accuracy of this kind of BPMs was tested in the FFTB facility at SLAC[18]. The test showed that 

the BPMs can be constructed and attached using usual machining and brazing techniques in accuracy 

of a few microns. This accuracy is small compared with the alignment tolerance of the structures 

assuming that each structure is constructed perfectly straight. 

In practice, two or more structures will be set on an alignment girder which has fine movers. It is not 

necessary to adjust all BPMs on a girder to exact zero points because the effects of the wake-fields 

will depend only on the average of the misalignment. Thus, the number of structures required on a 

girder or the number of movers for one girder is not essentially important. The number of BPMs for a 

structure is important for measuring the average displacement of the structures (in length comparable 

to the beta function) on a girder. 

12.4.3 Requirement for the Straightness 

Assuming that both ends of each structure are placed precisely, the effects of wake-fields will be 

proportional to the average transverse displacement caused by the construction error of the structure. 

The tolerance of the cell-to-cell displacement will be much loser than the alignment tolerance of the 

whole structure, if the displacement of the cells is randomly distributed. In practice, the bow of each 

structure, which results from both the construction error and deformation after construction, will be 

most important. Assuming that the shape of a structure is sinusoidal, the transverse displacement at 

position z of a structure with length l is 

~y(z) = bsin{1fz/l), (12.8) 

and the average from 0 to l is 

-x- ~b buy 0.64 , (12.9) 
1f 

where b is the peak of the deformation. This means that the tolerance for this kind of deformations 

is loser than that of the alignment of the whole structure by a factor of about 1/0.64 (Le. 50 /-lm) for 

25% emittance growth. 

We expect that it is not difficult to satisfy this requirement. To make it easier, we will apply a low

temperature brazing technique(16] to assemble the structure. It will also be possible to make some 

mechanical correction while measuring the deformation after construction of the structure. 
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12.4.4 Quadrupole Magnets 

The main source of emittance growth due to a misalignment of the quadrupole magnets is dispersion 

created from a non-straight orbit. The precise value of the tolerance depends on the energy spread, 

both the initial spread at injection and that created in the linac due to the position dependence of 

the accelerating field and longitudinal wake-fields. 

In practical designs, the tolerance for the random displacement of magnets without any corrections 

(feedbacks) is about 50 nm. This gives requirements for the vibrations of magnets and ground motions 

faster than the feedback processes. The alignment tolerance of the quadrupole magnets with feedbacks, 

which means the tolerance for random displacements with respect to the beam, is a few microns. 

Every quadrupole magnet will be set on an individual table having fine movers for the transverse 

alignment. Changing the strength of the quadrupole magnets, and measuring the beam positions 
by BPMs, the transverse displacement of the magnets with respect to the beam can be evaluated. 

The accuracy of the displacements will depend on the resolution of the BPMs, the measurement-to

measurement error. It will not depend on fixed errors, such as the alignment error of BPMs, which is 

usually much larger than the resolution. We expect that the resolution of BPMs and the accuracy of 

movers can be as small as 1 JLm, which will give a . better alignment than the requirements. After the 

initial alignment, to make the feedback faster, steering magnets will be used instead of movers. Only 

after large ground motions an alignment correction will be needed again[22]. 

It should be noticed that in general a stronger focusing lattice design (meaning a small beta function) 

gives a tighter tolerance for quadrupole magnets but a looser tolerance for accelerating structures. 

A weaker focusing has the opposite effect. There is a possibility to change the strength of focusing 

in order to ease the alignment requirement for either the quadrupole magnets or the accelerating 

structures if the requirement for the other can be tightened. 

12.4.5 Summary 

From our estimation, accelerating structures should be aligned with accuracy better than 30 JLm and 

fabricated with straightness within 50 JLm. Tolerance for the alignment of quadrupole magnets is a 

few microns. We expect that it is possible to satisfy those requirements using techniques which have 

been or being established. 

Appendix 

As discussed in references [20], [23] and [24], assuming that the beam oscillation is negligibly small 

compared to typical misalignment of the structures and that all of structures have the same shape of 

the wake-function, the expected increase in the emittance is proportional to the square of the "rms of 

wake-sum," defined as 

(12.10) 
m m 
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where m is index of particles, qm the charge of the m'th particle and 

8a,m 8m - 2::: qm 8m/ 2::: qm, (12.11) 
m m 

8m == 2::: qk WI (Zm Zk), (12.12) 
k 

where Zm and Zk are the longitudinal positions of the m'th and k'th particles. The WI (z) wake

function and summations are taken for all particles in the beam. Introducing the longitudinal charge 

distribution p(z), 

S~m' I: dz'p(z')S~(z')/I: dz'p(z') , (12.13) 

Sa(Z) '" S(z) - I: dz' p(Z')Sa(z')/ I: dz', (12.14) 

8{z) == I: dz'p{z')WI (z z'). (12.15) 

In the case of a short single-bunch beam, since the wake-function is approximately linear, 

(z > 0) 
(12.16)

(z ~ 0), 

S(z) = l~ dz' p(z')(z z')W'. (12.17) 

For a Gaussian distribution with an r.m.s. of o"z, 

(12.18) 


Since the expected increase in the emittance is also proportional to the square of the r.m.s., for any 

misalignment of the accelerating structures, the tolerance for some increase will be proportional to 

the bunch length o"z and the slope of the wake-function W'. 
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454 Chapter 13. Beam Delivery System 

13.1 Layout of Beam Delivery System 

This chapter discusses the design of the beam delivery system that cpnnects the exit of the main linacs 

and the interaction region, ending at the beam dumps. The beam delivery system consists of six (6) 
major sections: 

• 	 Collimation sections. Energy collimation is made in a dispersive area that is created by chicanes. 

Emittance collimation is achieved by using the nonlinear transverse collimation technique. 

• 	 A Beam switch yard which steers the beam into two separate final focus beam lines. This will 

allow the implementation of two interaction regions at JLC. 

• 	 "Big bend" sections with a total bending angle of about 8 mrad. 

• 	 Final Transformer with a chromaticity correction section that uses an asymmetric dispersion 

scheme. 

• 	 Interaction region that is associated with a finite beam-crossing angle of 8 mrad. It will optionally 

include crab cavities. 

• 	 Beam dump. 

The design shown here does not present specifications for the beam switch yard and the beam dump. 

Between these sections some optical matching and beam-diagnostic regions may also be eventually 

introduced. However, their designs have not been fully developed, and they are not discussed in this 

study, either. A schematic layout of the final focus system is shown in Figure 13.1. 

The layout of the beam delivery system was determined based on considerations of several important 

constraints: 

• 	 The crossing angle of two beams at the interaction point (IP) is set to be 8 mrad. This is so as 

to keep the luminosity reduction due to multi-bunch kicks near the IP at a manageable level. 

Also this magnitude of crossing angle is required to have the outgoing beams from the IP to 
safely pass through the pole-gap in the opposing final quadrupole magnet without hitting the 

pole pieces. 

• 	 The beam delivery system ought to be able to handle the conceived operational energies of JLC 

without requiring major reconstruction. Specifically, the length (1600 m/beam) and the bending 

angle (8 mrad) of the final transformer shall be common for energies of from 250 GeV up to 

1.5 TeV C.1\1. 

• 	 It needs to allocate sufficient work-room in the two interaction region areas with minimum 

interference. For this reason, the transverse separation of two IPs should be larger than 20 rn. 
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t 

Collimator (1200 m) 
Momentum: chicane 

Transverse: nonlinear collimator 
Crossing angle (8 mrad) 

optional crab crossing 

13.1. Layout of Beam Delivery System 

longitudinal separation =200 m 

Final Focus (1600 m) 
asymmetric dispersion 

momentum acceptance: ±1% 

Big Bend (8 mrad, 200 m) -+---+ 

LinacLinac 

Figure 13.1: Schematic layout of the beam delivery system. A common beam line will be used for 

collision energies of from 250 GeV up to 1.5 Te V C.M. An exception is the final quadrupole magnets, 

which need to be replaced as the beam energy is increased. 

• While the exact relative orientation of two main linacs may depend on the condition of the site, 

it appears natural to build the two linacs along a common straight line. Hence, this is assumed 

to be the case in this design study. 

The JLC-I report presented a design of the beam delivery system for a 500 GeV C.M. collider. Its 

layout included eight big bend sections (Le. two big bends / beam / IR. Hence, 8 big bends in total). 

At that time this layout was chosen mainly because of the short length of the transformer beam line 

(600 m), which was optimized for beam collisions at lower energies below 500 GeV. 

For the present study the goal of the design was to have the entire final focus system capable of 

handling the whole future energy range of the collider up to 1.5 TeV, without major reconstruction. 

It has been found to be possible to arrive at such a design. In this new design, almost all magnetic 

components are commonly used with the strengths simply scaled with the beam energy, without 

requiring any physical relocation. The final doublets are the only exceptions. They are supposed to 

be replaced at least in three steps for beams energies of 250, 500, and 750 GeV. Also, in this latest 

design the number of big bend sections has been reduced to four (Le. one big bend / beam / IR). 

A large number of muons are generated at the collimation section when the tail particles hit the 

collimator material. If the IP is on the straight line extrapolated from the beam direction in the 

collimation section, it will result in a large flux of muon background tracks to traverse the detector 

facility. Therefore, a relative transverse offset needs to be introduced between the IP and linac axis. 

This requirement determines the minimum bending angle of the big bend, together with the bending 

angle of the final transformer. 

In addition, it is preferable to have the two interaction regions (IRs) built with a longitudinal offset, 
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for instance, of about 200 m, in addition to the transverse offset. This will help reduce the interference 

in collision operation at one IR, while maintenance or construction work takes place in the other. A 

good spatial isolation of the two IRs is welcome in terms of reducing the vibration and environmental 

noise as well as ensuring radiation safety. Thus, in this design study a new optics design has been 

developed where the right and left switch yards are somewhat different and asymmetric in length, 
although the differences are small. 

In summary, the optical system shown in this report serves to present an estimation of the maximum 

size of the beam delivery system for the next linear collider. This report leaves a large number of 

issues that have not yet studied or discussed. Major strategic decisions should be made concerning 

the maximum energy, common beam line system, and the crossing angle for the final design of the 

beam delivery system. 

It should also be noted that the present design of the beam optics has not been fully optimized in 

detail. Many innovative ideas, such as Brinkmann's sextupole[3] or Taylor map analysis[2, 4, 5], have 

not yet been applied. The technical designs of each component are not given, except for the design 

of the final quadrupole magnets, which were presented in JLC-I. The details concerning the material, 

dimensions, mechanisms of the collimators are also left for near-future design work. 

13.2 Collimator 

The task of the collimator section is to clip the beam tails in five dimensions of phase space. The 

collimator section must collimate the beam so that it fits within the acceptance of the final trans

former. The collimator section considered in this design study consists of two sections: a momentum 

collimation section with chicanes are placed first; then, nonlinear transverse collimators would follow. 

13.2.1 Wake-field at the Collimators 

We consider here the effects of the wake-field that is induced when the bunch particles go through 

the collimator jaws. If the beam has a transverse offset at a collimator, its tail is blown up by the 

transverse short-range wake-field. It magnifies the effective emittance of the beam. The magnitUde 

of the blow-up has been given by K. Yokoya, as follows: 

(13.1) 

(13.2) 

(13.3) 

with 

~ = 0.3 N ea~cZo (~ fIT + 20op t ) , (13.4) 
7rm"(Ay a Y;;; auz 
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where ~cyO is the effective increase in the emittance due to the offset of the beam, ,Ay is the invariant 

vertical acceptance of the collimator of an aperture radius a with length L. 

The wake-field effect involves two terms: 

• 	 A term that represents the resistive wall wake, characterized by a conductivity parameter, 

.A == 1J/-LoC{1, where {1 is the conductivity . 

• 	 The second term, which represents the geometrical wake of the tapers around the collimator, is 

minimized at a slope angle (}opt of {2.A{1zJa2)1/4. 

Through the design of the collimator, we assume c ~ 0.01 for each collimator. Since this system has 

6 collimators, the total emittance increase, due the entire collimation system, is 6%. 

13.2.2 Momentum Collimator 

Table 13.1 lists the parameters of the momentum collimator. 

Beam energy E 750 GeV 

ParticlesJbunch N 1 1010 

Bunch length {1z 80 /-Lm 
Momentum collimation width ~p ±2 % 
Number of collimators Ncp 2 

Radius of the collimator ap 200 /-Lm 
Collimator length Lp 10 cm 

Optimum taper angle (}opt 20 mrad 

Transverse acceptance ,Ax"" ,Ay 1.5 x 10-4 m 

Horizontal dispersion at collimator 1]p 10 cm 
Beta functions at collimator /3xp "" /3yp 400 m 

Emittance blow up factor cpx "" Cpy 0.01 

Table 13.1: Parameters of the momentum collimator, for 750 GeV beam energy. 

Ideally, momentum collimation should be done so that it applies a suitable clipping at 8x + 1]8EJE 

and at 8x 1]8EJE. For this purpose, the collimation considered in this study is done in two steps, 

associated with the two chicanes, whose dispersion functions would have reversed signs. Although 

the betatron phases at two collimators are not identical in the current design, the difference is small 

enough so that it is acceptable to achieve effective momentum collimation. 
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458 Chapter 13. Beam Delivery System 

13.2.3 Nonlinear Collimator 

In transverse phase space, the requirement on how deeply the collimation should be done is determined 

by the hardware and optics configuration around the IP. The most stringent requirement comes from a 

consideration of the synchrotron radiation background to the detector. A large number of synchrotron 

photons are produced at the final quadrupole magnets. Its partial population that hits the pole of 

the quadrupole magnet at the opposite side of the IP is considered to be the most harmful; and thus 

must be controlled below a certain value, as discussed in Chapter 14. The invariant beam emittance 

envelope, that is allowed near the IP from these considerations, is estimated to be about 

(13.5) 

for a beam energy of E = 750 GeV. Particles having a phase-space deviation larger than this value 

should be collimated away. 

Naturally, the impacts of applying deep collimation needs to be quantitatively evaluated. Equa

tion 13.4 indicates that the minimum wake-field would be obtained if the collimation aperture is given 

by the following equation: 
1/4) 2/3a = aopt = ( L(2A(jz) . (13.6) 

Assuming that the surface material of the collimator is copper, if L = 0.1 m, we obtain aopt = 0.95 mm. 

The blow-up factor given by Equation 13.4 with this aperture meets the requirement of Equation 13.5, 

indeed. However, the J3-function that is required to be compatible with this aperture aopt and from the 

required acceptance of Equation 13.5 would be 16,000 m. While being not impossible, creating such a 

high-J3 section in a short length would result in huge chromaticity, which would require a chromaticity 

correction section that would inevitably introduce dispersions and sextupole magnets. Thus, a design 

of such a linear collimator would lead to a cascade of complications to the beam line design and a 

large number of optical elements to build it. 

Another solution of a transverse collimator is to use nonlinear magnets (sextupole magnets) to selec

tively blow-up the tail part of the beam where it is collimated. Since a nonlinear magnet increases the 

phase-space amplitude ratio of the tail and the core, the effect of the wake-field to the core is relatively 

reduced. The nonlinear kick on the core can be compensated by another nonlinear magnet which is 

placed at an identical phase with respect to the first nonlinear magnet. In this design, two pairs of 

identical sextupole magnets and four collimators are introduced. The beam is collimated twice for 

each of (x, x', y, y'). Figure 13.2 illustrates the scheme of the nonlinear collimator. 

The nonlinear collimation scheme allows a reduction of the aperture of the collimator, while keeping 

the effect of the wake-field on the beam core at a small level. Table 13.2 lists the parameters of a 

design for an E = 750 GeV beam. Figure 13.3 shows the lattice for the collimation section with a 

momentum collimator and a big bend. 

The residual geometric aberration of the sextupole magnets, due to their finite thickness, is estimated 

to be less than 0.3% in amplitude. Here, we have assumed the beam parameters given in Table 13.l. 

The tolerance parameters of the sextupole magnets are listed in Table 13.2. Since these tolerance values 

are looser than what are required for the components in the final transformer, they are considered to 
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Another collimator can be placed 
downstream of the second sextupole 
to collimate the secondary tail.Sextupole -/ Transormation Sextupole' .. .. {

---------------
-----------...... 

----- 
~ 

The nonlinear kick of the sextupole is canceledby 
another sextupole, connected with a -/ transformer. 

Make the amplitude of the tail bigger by a sextupole to avoid 
the effects of the wakefield from the cOllimator to the core. 

Circular collimator: 
2a ~ 

= 

= 
then the collimation amplitude is given by 

2 2 2a 

x + y :$; k'R12 


Figure 13.2: The nonlinear transverse collimator. 

be achievable with beam-based alignment techniques. The vertical phase advances from SG1.1 and 

SG1.3 to the IP are 12.77r and l1.27r, respectively. 

sextupole error amount for ll(j~/(j~ = 2% 

SG1.{12} Ilk' /k' 36 % 
llx 5.1 11m 
lly 1.2 11m 

SG1.{34} Ilk' /k' 37 % 
llx 3.6 11m 

1.4 

Table 13.2: Tolerance parameters of the sextupole magnets for the nonlinear collimator. Each 

number corresponds to an increase in the vertical spot size at the IP by 2%. The dependence is 

quadratic. 
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Figure 13.3: Lattice of the collimator and the big bend. SX denotes the four identical sextupole 

magnets for the nonlinear transverse collimator. 
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13.3 Big Bend 
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Figure 13.4: Unit cell of the big bend, which consists of 12 cells. 

The big bend consists of 12 cells of the BFBD structure, as shown in Figure 13.4. The parameters of 

the magnets are shown in Table 13.3. 

5 7.5 10 12.5 

~________________________~A~____________~t=1 
<C 
Cl 
CD 

BF1A+BF1B BDA 

Bending angle OB -0.31 -0.31 mrad 

Orbit length LB 6.6 6.6 m 

Focusing strength k = B'LB/(Bp) 0.308 0.252 m- I 

Table 13.3: Magnets for the big bend. 

The total bending angle of the big-bend section is 7.4 mrad. The phase advances per cell in the x

and y-planes are !:l.vx = 7f/2, and !:l.vy = 7f / 4, respectively. The horizontal emittance growth due to 

synchrotron radiation is 6% for a 750 GeV beam energy. 
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13.4 Final 'fransformer 

13.4.1 Parameters 


Important machine parameters for designing the final transformer are listed in Table 13.4. 


Incoming emittances 

~omentum acceptance 

;3-functions at IP 

Spot sizes at IP 

Emittances at IP 

Total bending angle/beam 

~aximum bending field 

Length of free area at IP 

Pole-tip field 

Lengths of final doublet (FD) 

Aperture radius of FD 

Crossing angle 

D..p/p ±1.0 

;3;/(3; 
a*/a*x y 

,C:x,IP /,C:y,IP 

eFF 

Bmax 

f* 

Bo 

LQCl/LQC2 

aQCl/aQC2 

ex 

L 

1/0.1 1/0.1 1/0.18 mm 

300/4.7 240/3.7 250/4.1 nm 

4.2/0.099 4.5/0.11 6/0.11 	 /Lm 
3.5 	 mrad 

90 	 180 270 G 

2 m 

1.3 T 

2.2/4 3.1/4.7 4/5.4 m 

5.8/19 	 4.7/12.6 4.8/10.3 mm 

±3.5 mrad 

1600 m 

Table 13.4: Parameters of the final transformer. 

13.4.2 	 Design strategy 

The final transformer consists of (1) two chromaticity-correction sections (CCSs) for x- and y- planes, 

(2) the final "telescope" I and (3) matching sections between them. Each CCS comprises two identical 

sextupole magnets that are connected by a pseudo -1 transformer (i.e., a 7r-section with identical 
magnification). The basic idea of this optical system is equivalent to that of the optics of FFTB. 

One significant deviation from FFTB is the dispersions at the sextupole magnets. At FFTB, the 

dispersions of two sextupole of each family are designed to have equal magnitudes. The design 

presented here has a large dispersion at the second sextupole magnet, which is closer to the IP. 

However, at the other sextupole magnet the dispersion is nearly zero. The merit of this asymmetric 

dispersion is to concentrate the chromatic effect of the sextupole to the second one, and to reduce 

the inherent chromo-geometric aberration of the pseudo -1 transformer. The residual second-order 

dispersion arising from the asymmetry of the dispersion is canceled by another family of sextupole 

magnets. 
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Figure 13.5: Optical functions and linear beam sizes of the final transformer, with the parameters 

given in Table 13.4 and a beam energy E =750 Ge V. 

This basic design scheme of the CCS has already been presented in the JLC-I report. It has been 

shown that there is no demerit in tolerances or tunability of the asymmetric scheme compared to a 

symmetric scheme. 

The design of the final transformer is common for the entire energy range of JLC, namely, from 

Eern = 300 GeV up to 1.5 TeV. An exception is the final doublet, which will be replaced at least twice 

according to the energy upgrade, as shown in Table 13.4. The excitation of other magnets would be 

basically scaled with energy, or trimmed only by a limited amount for optical matching. 

The idea of the common beam line imposes a set of strict constraints on the optimization of the beam 
line. For a high-energy end of the operation, increased synchrotron radiation flux limits the allowed 

strength of focusing. To circumvent this limitation, the bending angle in the final focus line needs to 

be generally decreased. This will lead to a larger amount of optical aberrations for the low-energy end 

of operation. The design optimization under these constraints tend to make the total length of the 

transformer generally longer to avoid difficulties at both extreme energies. The resulting aberrations 

and effects from synchrotron radiation are shown in Figure 13.6. The total length, 1600 m, is longer 

than the design with single-energy operation in mind. For instance, 1100 m will be sufficient for 
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a final transformer that is dedicated to Ecm = 1.5 TeV. The length of a transformer dedicated to 

Ecm 500 Ge V is 500 m. The merits and demerits of the common beam line should be further 
investigated in the future. 

25 
II synch. radiation in quads 

20 

...-.E: 15 
c-
(\J~ 10 
t> 

5 

o 
750 

Beam Energy (GeV) 

Figure 13.6: Various kinds of aberrations in the vertical spot size (squared) at the IP for different 

beam energies. The optical aberrations dominate in the low-energy, while synchrotron radiation 

dominates at higher energies. 

Finally it should be pointed out that, generally, more optimization of the transformer should be 

possible with Brinkmann's multi-pole technique[3] or the Taylor-map approach[4, 5, 2]; however, they 

have not been applied to this design. 
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14.1 Introduction 


In this chapter, we examine aspects of experimentation that directly interacts with the accelerator 

design. Of particular concern in this area is the background to the physics experiments that are caused 

by the beams passing through the detector. 

The characteristics of background events at JLC will be very different from those at typical e+e

colliders except the SLC. The features of the background strongly depend on numerous operational 

parameters of the accelerator, such as the beam aspect ratio (typically (J';/(J'; = 0(100) ), a high 

beam-intensity (101Oparticles/bunch) and possible tails in the particle distribution that deviates from 

the Gaussian distribution. The population of low energy pairs that are created during collisions are 

directly related to the beam aspect ratio, while the tail is mostly responsible for synchrotron radiation 

and muon backgrounds. The optimization of machine operational parameters must be considered by 

taking this "interaction" between the experimentation and the machine into account. The highest

priority goal here is of course to maximize the luminosity while minimizing the background. With 

such motivation in mind, effects of pairs have been estimated by detailed Monte Carlo simulation 

with the proposed JLC-1 detector [1] , in addition to simulation of masking of synchrotron radiation 

and attenuation of muon flux that are produced by interactions of the beams with upstream collimator 

materials. 

Another important issue is the need for measurement of the distribution of the center-of-mass energy 

within each beam collision; hereafter called "luminosity spectrum." At TeV linear colliders, particles 

in the colliding beams loose a significant amount of energy before "collisions" take place. This is due 

to emission of synchrotron radiation in a strong electromagnetic field produced by the opposite beam, 

known as "beamstrahlung" phenomerion. Therefore, the effective luminosity at JS = 2 X Ebeam is 

always smaller than the nominal value that does not take beamstrahlung into account. The luminosity 

spectrum as function of the center-of-mass energy depends on the magnitude of beamstrahlung. The 
knowledge on such issues is very important for conducting precision measurements, especially for 

studies of toponium physics[2] and detailed investigation of SUSY physics[3]' which are the research 

opportunities unique to linear colliders. A method based on measurement of acollinearity angles in 

Bhabha scattering events is examined as a possible technique to measure the luminosity spectrum. 

Detailed engineering design studies for the interaction region are not ready at this moment, and 

thus it will not be given in this chapter. No consideration on the support system of final focus 

quadrupole magnets and a heavy masking system are given. The designs of the extraction beam 

lines and measurements of electron polarizations are not discussed, either. These issues are left for 

subsequent design studies in the near future. 
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469 14.2. Background 

14.2 Background 


To illustrate where the background particles can originate from, the beam line from the exit of the 

main linear accelerator (linac) to the interaction point (IP) is schematically shown in Figure 14.l. 

A +7 mrad bending magnet section (200 m long) downstream of the collimation section is needed 

in order to create a sufficient amount of separation for two experimental halls and to prevent the 

background from the upstream linac from directly hitting the detector. In the final focus system, 

beams are gradually deflected to have a horizontal beam crossing angle of ±4 mrad at the interaction 

point (IP). 

There are two major sections for beam collimation (1200 m long) and a final focus system (1800m 

long) in the beam line to handle the beam energy up to 0.75 TeV. While their main purposes are to clip 

the beam tails, secondary particles are inevitably produced, namely, (1) muons and (2) synchrotron 

radiation photons, respectively. In addition at the IP, (3) pairs and (4 ) mini-jet are created 

through beam-beam interactions. They all cause background hits in the detector facility. 

In subsequent sections the first three kinds of background are discussed together with a possible design 

of the interaction region. 

.e e pairsSynchrotron Light 
Minijets 

Figure 14.1: Top view of tlle beam line from the exit of the main linac to the interaction point (IP) 

at Ecm = 0.5 - 1.5 Te V. 

14.2.1 Collimation and Muons 

In this section we will discuss on production of muons through interaction of particles in the beam 

tails when they are collimated at upstream collimation sections. 

Generally the transverse profile of the beam do not exactly follow a Gaussian distribution at linear 
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colliders. The beams can be accompanied by long tails according to experiences from experiments at 

SLC [4]. While the origin of these tails is not thoroughly understood at present, we shall conservatively 

assume that the beam has a fiat tail beyond ±3ux (y) both in the horizontal(x) and vertical(y) directions 

with a relative intensity of 1 %. 

As it can be seen in the next section, the beam has to be collimated within ±6ux and ±40uy in order 

to keep the background due to synchrotron radiation at a manageable level. Since the typical size of 

the beam core is on the order of a few J-Lm, collimating such beams is a seriously non-trivial task. A 

work-around is to expand only the tail part sufficiently by using a non-linear collimation technique as 

discussed in Chapter 13. This is part of the reason why a 1200 m-Iong collimator section is required 

for collimating a 0.75 TeV beam. 

As stated in Chapter 2 and subsequent chapters, one RF pulse will accelerate a bunch train which 

contains up to 85 bunches separated by 1.4 nsec, at a repetition rate of 150Hz. Since each bunch 

consists of 6.45 x 109 electrons (or positrons) at the IP, about 108 (1 %tail) x 102 (bunches) electrons 

may hit collimators at 150 Hz. In the interactions of the beam tails with the collimators a large 

number of muons are produced through the Bethe-Heitler process, e±N ~ e±J-L+J-L-N. Without 

suitable measures these muons would traverse through the tunnel and create a large amount energy 

deposit within the detector facility. They would cause serious background problems for conducting 

high-energy physics experiments. 

60cmq, 

III .. 2cmq, Beam Pipe 
120m 

(meam range of a 250GeV muon) 

Figure 14.2: Original idea of muon attenuator. Two iron pipes are magnetized axially in opposite 

directions for both charged muons which can be trapped, where tlle 120m length of the iron pipe 

corresponds to a mean range of 250Ge V muons. 

Several techniques have been invented so far to reduce the muon background at linear colliders. The 

first of them is the "muon spoiler" idea that was implemented at SLC. There, a set of large iron toroid 

magnets are installed in the beam line to over-focus the muons, so that they are dispersed away from 

the detector. 
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In the design study here, another method which is called "muon attenuator" is considered. This idea 

was first proposed by by E.A.Kushnirenko (5]. The prin~iple idea was to confine J.l+ and J.l- inside 

two iron pipes magnetized axially in opposite directions and to absorb the muons by the energy loss. 

The schematic diagram of this scheme is shown in Figure 14.2. We have performed a simulation study 

on the attenuation of muon flux onto the detector when this technique is applied. In the present JLC 

design there are six collimators in the collimation section between 1840 m and 2856 m as measured 

from the IP. Various effects of long iron pipe shield of the attenuator was investigated with and without 

magnetization. The best condition was found to be the case with no magnetization in the iron pipes. 

The outer and inner radius of the iron pipe shield are 31 and 1 cm, respectively. The beam pipe 

is located inside the iron pipes. The beam line between 1721 m to 2856 m from the IP except for 

the collimators is assumed to be covered with the iron shield. Muons that penetrate through the 

collimation section are bent by the big bend (+7 mrad, see Figure 14.1) and go through the tunnel 

of 3.5 m¢>. In this study a second bending magnet( -3.28 mrad) is assumed to be located at 80 m 

from the IP. This is so to make the horizontal beam crossing, although the actual design has several 

bending magnets distributed in the final focus system. Sand stone is assumed to surround the tunnel. 

The cross section of the tunnel is shown in Figure 4.78 of Ref.(l]. 

Figure 14.3 shows the result of the simulation. The horizontal axis gives the locations of collimators 

as measured from the IP in meters. They correspond to the origins of muons. The vertical axis gives 

the number of electrons that are required to hit the collimators so that one muon produced out of 

these would to hit a detector of 16 x 16 x 16m3 volume size. The solid circle, solid triangle and open 
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Figure 14.3: Number of electron to produce one muon wbicb reacbes tbe IP. 
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circle symbols correspond to cases of the beam energies of 250 Ge V without the iron shield, 500 Ge V 

without the shield and 250 GeV with the shield, respectively. The result of the simulation can be 

summarized below; 

• The e/J.L ratio is proportional to the inverse of beam energy. 

• The long iron pipe shield reduces the muon background by 2 or 3 orders of magnitude. 

The "first" two collimators that are the farthest from the IP are for momentum collimation, while 

the subsequent two sets would collimate elliptically the transverse beam profile (60'x x 400'y) twice. 

A smearing effect, due to edge scattering off collimator jaws, has been calculated to be 10-4 beyond 

the edges of the ellipse by a single collimation. Consequently, from these results, we can estimate that 

at most 10 muons may traverse the detector at 150 Hz. Although this result looks to be acceptable 

for experiments, further reduction of factor of 10 should be pursued for an additional safety margin. 

This additional reduction will be realized if muon spoilers are implemented in the final focus system 

as studied in the NLC-ZDR[6]. 

14.2.2 Synchrotron Radiation 

Since the intensity of synchrotron radiation is of the same order as the intensity of the beam itself, 

it would be very harmful to the experimentation if they are scattered at the pole tips of the nearest 

quadrupole magnet QCl. It is also very difficult to shield them near the IP. The amount of synchrotron 

radiation is determined by the maximum size and angular divergence of the beam profile. Both the 

maximum beam size (x,y) and the divergence (x',y') shall be well defined and controlled by the 

collimators. 

The divergences can be expressed by O'(:J:r(y) = JEx(y)/ /3x(y) , where /3x(y) is a (optical) beta function 
in the final focus system and Ex(y) is an emittance of beams. The beam size and the divergence are 

related by Ex(y) = O'(:Jx(y) ·O'x(y). If we can not control them by some means, we must change the optics 

to enlarge /3x(y) so that O'(:Jx(y) decreases. We may thus even have to sacrifice the luminosity because 

of O'x(y) = JEx(y) • /3x(y). A similar situation would likely occur at the beginning of operation with a 
larger emittance than the expected one, as happened in the SLC experiments. 

Figure 14.4 shows the development of transverse beam envelops that correspond to 60'x x 400'y' Fig
ure 14.4 covers the region from the IP up to the nearest dipole bend magnet. Here the smearing 
effect due to collimation is not taken into account, since it was estimated to be very small(10-8) as 

mentioned earlier. 

With a mask of 8 mm<,b radial aperture that is located at 30 m from the IP, synchrotron radiation 

from upstream magnets beyond the last bending magnet can be completely masked. Any synchrotron 

radiation that passes through the aperture of 8 mm<,b mask would pass through the final quadrupole 

magnet (QCl) without scattering. The half aperture of QCl is chosen to be 6.85 mm. As can be 

clearly seen in Figure 14.4, the radiation from QC3 and QC2 provide the maximum divergence at the 

IP in the horizontal and vertical directions, respectively. The profiles of the radiation at the QCl are 
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C1 QC2 QC3 QC4 QC5 

I I 
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Figure 14.4: Horizontal (6C1x ) and vertical (40C1 y) beam envelopes through the last bending magnet 

and five final focus quadrupole magnets(QC1,QC2,QC3,QC4 and QC5). The maximum divergences 

of the synchrotron radiation are also drawn by arrows. 
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Figure 14.5: Profiles of the synchrotron radiation at QC1;right figure shows the magnified view 

around the center of QC1. The profile at tIle center accompanies the in-coming beam. The two 

right-hand side ones are passing through QCl of 2.2m long after a collision with a 8mrad horizontal 

crossing. 
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shown in Figure 14.5. The length and inner aperture of QC1 are 2. 2m and 13.7 mme/>, respectively. 

The front face of QC1 is located at 2.0 m from the IP. The in-coming radiation passes through the 

central axis of QC1. After making collision with the opposing beam at a horizontal crossing angle 

of 8 mrad, the out-going radiation passes off-axis through the QC1 magnet on the other side. The 

location of out-going radiation is depicted as two elliptic profiles at the right hand side in Figure 14.5. 

As described above, it is expected that there should be no background problems due to the synchrotron 

radiation if we carefully optimize the collimation and the optics simultaneously. 

14.2.3 pairs and Masking System 

An enormous amount of e+e- pairs will be created during collisions, for instance a few times 105 

pairs per a bunch crossing. While their vast majority are scattered into extremely forward angles, 

some can be greatly deflected by the strong magnetic field that is produced by the on-coming beam. 

In such cases they can enter the detector region and can create background noises to the detector 

facility. Figure 14.6 shows the angular distributions of pair-produced electrons and positrons after 
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Figure 14.6: Electrons and positrons scattered by beam-beam interaction at IP. The vertical and 

horizontal axes denote the scattering angles in vertical and horizontal directions, respectively. The 
left and right figures show distributions of the positrons and the electrons, respectively, downstream 

of the electron beam. Since the positrons have the same sign charge as the in-coming (positron) beam, 

they are scattered by larger angles than the electrons. 

the beam-beam interaction. The calculation was done by using ABEL[7]. Many particles (electrons 

or positrons) are scattered at large angles exceeding 200 mrad. We can also clearly see an asymmetry 

in their azimuthal distribution. More particles are deflected in the vertical direction than in the 

horizontal because of a very flat transverse beam profile (0';/0'; = 260nm/3.0nm). Since the energies 

of the particles are relatively small, and are at a few hundreds MeV, most of these particles are confined 
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near the beam axis due to the detector solenoid magnetic field of 2 T. However, when they hit QC1 in 

the out-going side, many of secondary photons are back-scattered uniformly into the detector region. 

They can become serious background. 

S=0.2 

Vertex 
detector 

30cm 
... .. 

.. 

Support Tube 

1.0 m .. 

2.0m 

Figure 14.7: Schematic view of the interaction region for Ecm =O.5TeV. 

A possible configuration of the interaction region is shown in Figure 14.7. A cone-shaped mask of 

heavy metal (tungsten) will be used to absorb the photons with a good efficiency. The mask occupies 

a polar angle region of 0.15< () <0.2 . The front aperture of the mask needs to be minimized in the 

light of reducing the background. However, it has to let the core part of the incoming beam pass 

through. An aperture size of T = 4.5 em was chosen. The conical mask is mechanically connected to a 

10.36 em-thick cylindrical mask of the same material in a hermetic manner.. A doublet of final focus 

quadrupole magnets, QCl and QC2, are implemented inside the mask. QCl and QC2 are surrounded 

by a super-conducting solenoid magnet that compensates the detector solenoid field of 2 T. 

Detailed engineering design of the compensating magnet is not complete yet. However, naturally, a 

sufficient space needs to be allocated to accommodate these magnets inside the mask. In addition, 

inside the conical mask, two kinds of detectors will be installed: a beam profile monitor (at 1 m 

from the IP, to be described in the next section), and a luminosity monitor of tungsten-scintillator 

sandwich type (at 1.63 m from the IP, covering 0.05 < () < 0.15). A set of 20 em-thick carbon mask 

is also implemented (0.5 m from the IP). The carbon mask is designed to absorb back-scattered low 

energy particles. The mask will be built as an "active" device which generates signals to veto scattered 

electrons/positrons at () >0.05 in combination with with the luminosity monitor. They are considered 
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important detector elements for studies of SUSY physics [3] . 

In order to estimate the background due to low-energy electron-positron pairs in a detector, numerical 

simulations have been conducted. The pairs, which are generated by the ABEL code, were tracked by 

employing a Monte Carlo program based on GEANT3.21 [8]. This simulation software is called JIM 

(Jlc detector sIMulator). The JIM takes the geometries of all detectors which have been described in 

the JLC-I[l] into account, except a few small revisions: The vertex detector is now assumed to have 3 

layers instead of 2 as stated in JLC-I; The inner radius of the central drift chamber has been increased 

from 30 cm to 45 cm; And the arrangement of final focus quadrupole magnets QC1 and QC2 and the 

masks follow the geometry as shown in Figure 14.7 of section 14.4 .. 

For an accurate estimation of backgrounds in the detectors, the threshold energies of electrons/positrons 

and photons, i. e. the minimum energies to be tracked in the JIM, have been set fairly low: 200 Ke V 

and 10 KeV, respectively. The simulated statistics presented here corresponds to 10 bunch-crossings. 

The beam parameters used in this simulation are taken from the standard Ecm =500GeV operation. 

Values of major parameters are: 6.45 x 109 e's/bunch, 85 bunches/train, a repetition rate of 150Hz, 

O'y/O'x = 260/3nm and the horizontally crossing angle of ±4mrad. This corresponds to the luminosity 
2 1of 8.1 x 1033cm- s- with a crab crossing. In this simulation the crab crossing was assumed to be 

perfect so that two beams collide head-on. 

Figure 14.8 shows the pairs and the secondary (back-scattered) particles simulated with the JIM code. 

As can be clearly seen in the figure, most of them, appearing like a core of dark band in the figure, 

go through the front aperture(Rmask=4.5cm) of the mask. Particles outside the core are scattered by 
much larger angles than the deflected ones, which represent a possible background to be considered. 

Number of hits detected in the detectors are plotted as function of the radial distance in Figure 14.9. 

Number of tracks that create those hits are similarly plotted in Figure 14.10. In these figures, con

tributions from secondary particles are also plotted by solid circles. Here, the secondary particles are 

simply defined as those having off-vertex positions, i.e. Tvtx > 0.5mm or Zvtx > 0.5mm. We note 

here that the vertex detector consists of 25 x 25Jl.m2 pixels (CCDs) and that three layers are located 

at r=2.5(z=±7.5 cm), 5.0(z=±15 cm) and 7.5cm(z=±22.5 cm). With these geometry parameters 

the hit densities are calculated to be 3.6, 0.1 and 0.01 hits/mm2 for one machine pulse that consists 
of 85 bunch crossings (at 150Hz), respectively. We have assumed here that the hits are distributed 

uniformly within each layer. It should be noted, however, that since the actual angular distribution 

of pair particles is asymmetric, as shown in Figure 14.11, the hit counts quoted here represent only 

the average numbers. 

On the average, a single charged particle track which originates from the pair creation process will 

produce about 20 hits on the first layer of the vertex detector. This number is arrived at by comparing 

the two figures: 14.9 and 14.10. Except for the first layer, the hit rates in the vertex detector are well 

below 1 hit/mm2, which is considered an empirical limit [9, 6]. 

About a half of the hits in the first layer as shown in Figure 14.9 are due to secondary particles. 

Contrary to our first expectation, the carbon mask was found to have no significant effect on the first 

layer background rate, while some reduction of hits was seen in the second layer. Figure14.12 shows 

JLC Design Study; April, 1997 

http:Figure14.12
http:GEANT3.21


47714.2. Background 

Figure 14.8: Particles of pairs simulated by the JIM based on GEANT3, where solid and 

dotted lines are electrons/positrons and photons, respectively. The statistics corresponds to 1/100 of 

a bunch crossing for a display purpose. 
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Figure 14.9: Number of hits detected in the detectors as a function of the radial distance for 10 

bunch-crossings, wllere ones produced by secondary particles are marked by solid circles. 
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Figure 14.10: Number of tracks creating the hits in the previous figure as a function of the radial 

distance for 10 bunch-crossings, where ones produced by secondary particles are marked by solid 

circles too. 
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Figure 14.11: Angular distribution of hits on the first layer of the vertex detector for 10 bunch
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transverse vertex positions (x, y for z > 1.6 m) of the secondary particles observed in the first layer. 

It should be recalled that this first layer can clearly see the pole tips of QC1. In fact this may explain 

why the existence of the carbon mask did not quite help reduce the low-energy pair background on 

the first layer. 

It is considered that more simulation studies and optimization of the relative geometry of carbon 

masks is necessary. Also, a more detailed calculation of particle tracking with the vertex detector may 

reveal that for the first layer the background hit rate in excess of 1 hit/mm2 is actually acceptable. 

This study should be also pursued. 
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Figure 14.12: Transverse distribution of the secondary particles at z > 1.6m for 10 bunch-crossings. 

In the central tracking region of r > 45cm, we expect about one hundred hits machine pulse (85 

bunches per pulse at 150 Hz) as shown in Figure 14.9. This hit rate corresponds to ~ 1 % occupancy 

in the tracking c~amber. Since most of these hits are created by back-scattered photons, they are 

uniformly distributed in the tracking volume. Also their hit pattern is such that they rarely form con

tiguous hits that can be misidentified as charged particle tracks that originate from the IP. Therefore, 

no significant background problems from the pairs are expected in this region. 

14.3 Beam Profile Monitor that Takes Advantage of e± pairs 

As stated earlier, a large number of low-energy electron-positron pairs are produced through beam

beam collisions. Out of these low-energy particles, we hereafter call the ones that have the same 

charge as the oncoming beam as: "same-charge" particles. Particles with the opposite charge are 

called "opposite-charge" particles. 
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Figure 14.6 has shown that "same-charge" particles generally experience large deflections during the 

collision process because of the strong electromagnetic force due to the oncoming beam. On the other 

hand, the "opposite-charge" particles tend to oscillate inside the beam size space of the oncoming 

beam, because of the focusing force that is exerted on them. Consequently, the "opposite-charge" 

particles are scattered at much smaller angles. 

This phenomenon is well described by a scattering process of e-(e+) in a two-dimensional Coulomb 

potential which is Lorentz-boosted to the rest frame of the oncoming beam[10]. Since this potential 

is produced by the intense electric charge of the oncoming beam, it is a function of the transverse size 

(ax ,ay) and intensity of that beam. Therefore, the distribution of deflected particles give information 

on the oncoming beam, in particular its angular distribution. Hence, the measurement of angular 

distribution of pair particles offers an excellent opportunity for figuring out the beam profile at the 

IP. 

It should be noted that this technique allows to measure the sizes of the two beams independently. 

This is because the low-energy particles are deflected asymmetrically in the forward and backward 

angular regions if the two beams have different beam parameters. It should be noted that there are 

two independent Coulomb potentials due to the two beams that are separated by a large relative 

Lorentz-boost along the beam axis. With a sufficiently accurate measurement of low-energy particle 

distributions, we can also measure the relative displacement and transverse rotation of two beams. 

In addition, this measurement can provide signals that can be used for a real-time, fast feedback to 

maintain the collision operation of the linear collider without disrupting the data collection by the 

experimental facility_ 

The basic characteristics and expected performance of this beam profile measurement technique has 

been extensively discussed in a published paper[ll]. Here, we show some results from the simulation 

with the JIM code. 

We use the monitors that are located at ± 1 m (both sides) from the IP. They are arranged as shown 

in Figure 14.7. Each monitor consists of two layers of disk-shaped detectors. Each disk constitutes 

a pixel device which is made of 300J-Lm-thick silicon. The monitor can measure both radial position 

(3 < r < 12 cm) and azimuthal angles (-1f < ¢> < +1f) of traversing particles with pixels of 50 x 50J-Lm2 

channel size. In addition, the pixel detectors will be arranged so that they can also measure the energy 

deposit left by the particles. 

Figure 14.13 shows the simulated distributions of hits as measured by the two disks of the monitor at 

z = 1 m. Without taking specific measures to reduce the background, asymmetric angular distribu

tions can be clearly seen over "uniform" backgrounds. The "maximum" radial distance can be found 

around r = 5.5 cm. 

Figure 14.14 shows the distribution of energy deposit on the beam profile monitor. The well-separated 

peak seen in this figure around 90 ke V is composed from the primary particles traversing the monitor, 

while a peak around lower energy deposit of 20 ke V is created by the secondary particles which are 

backscattered from the QC1 and the luminosity monitor. It is seen that the energy deposits are 

very effective to discriminate the backgrounds. By selecting the hits associated with energy deposits 
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Figure 14.13: Hits distributions observed at two disks of the beam profile monitor at z=1m for 10 

bunch-crossings. BM-2 is behind BM-1 as viewed from the IP. 
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Figure 14.14: Energy deposits observed at the beam profile monitor for 10 bunch-crossings. The 

solid and dotted lines are for the total and tbe secondary particles, respectively. 
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> 70 keY, the signals of interest are significantly enhanced as shown in Figure 14.15. Figure 14.16 
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Figure 14.15: Distribution of hits whose energy deposit exceeds 70keV, as observed at the two disks 

of the beam profile monitor at z 1 m for 10 bunch-crossings. 

shows the hit angular distributions in the region 4.5 < r < 5.5 cm. The hit pattern in this region 

carries an information that is sensitive to the aspect ratio of transverse beam sizes. As clearly seen 

in these figures, the asymmetric angular distribution can be very well measured with a very small 

amount of backgrounds. 

These results indicate that the beam profile monitor based on measurements of low energy pair 

particles is a very promising technique. 

14.4 Luminosity Spectrum 

In typical colliding experiments, a luminosity is measured by counting the number of small angle 

Bhabha scattering events. This is a technique under the assumption that the collision energy is 

reasonably monochromatic, except for the effect of the initial state radiation. 

However, this is no longer a valid assumption in high energy linear colliders, including JLC. This 

is because of the significant energy spread in collisions associated with beamstrahlung energy loss. 

Rather, the differential luminosity with respect to the effective center of mass t::;nergy (hereafter called 

"luminosity spectrum") needs to be measured. lVIiller et al. have proposed an idea of measuring the 

luminosity-spectrum by using acollinearity angle of the large angle Bhabha events[12]. The energy 

difference between e+- and e- beams appears in acollinearity angle of the Bhabha scattering. The 

potentiality of this idea has been studied by means of a luminosity-spectrum generator and a Bhabha 
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Figure 14.16: Angular distributions in 4.5 < r < 5.5cm for the energy deposits of more than 70keV, 

observed at two disks of the beam profile monitor at z=lm for 10 bunch-crossings. 

event-generator. 

14.4.1 Event Generation 

In the past an empirical formula to describe the distribution of the collision energy at next-generation 

linear colliders has been presented by Yokoya and Chen[14J. In addition, a recently developed software 

CAIN[13J is capable of simulating detailed beam-beam interactions at e+ e-, e, and "linear colliders. 

The function in [14J has been found to give a good approximation to the CAIN calculation as shown in 

Figure 14.17 at Ebeam=250GeV. Table 14.1 summarizes the relevant parameters for the calculations. 

Figure 14.17 shows that the function reasonably reproduce the CAIN result at JS> 450GeV, where 

a small difference seen in the figure is due to a beam disruption included in the CAIN. 

To improve the efficiency of calculations, a luminosity-spectrum generator code has been created[15J. 

The generator code precisely reproduces the empirical function as shown in Figure 14.18. 

It should be noted that besides the beam-beam interactions, the beam-energy spread also affects the 

luminosity-spectrum. Its effects are simulated and the results are shown in Figure 14.19. In these 

calculations a uniform energy spread of ±1% is assumed for the original beams. It is seen that the 

luminosity peaks are smeared around JS=500GeV. 

Differential cross section of Bhabha scattering process was calculated by GRACE[16]. This is a 

program package for automatic amplitude calculation. The numerical integration and unweighted 

event generation were done by two programs, BASES and SPRING[17], respectively. In this study, 

the lowest order Feynman diagrams of this process have been taken into account, since the effect of 

the initial state radiation can be precisely estimated[18]. 
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485 14.4. Luminosity Spectrum 

Item value unit 

Ebeam 250 GeV 

frep 150 Hz 

nbunch 85 per pulse 

Nparticles 0.7xl01O per bunch 

fx 3.3 x 10-6 m.rad 

fy 0.048 x 10-6 m.rad 

f3; 10.0 mm 

f3; 0.1 mm 

a*x 260.0 nm 

a*y 3.04 nm 

a z 90 11m 

Table 14.1: Major parameters of JLC. 

14.4.2 Measurement of Luminosity Spectrum 

For Bhabha events, the momentum difference (~P) between and e--beams can be expressed by; 

(14.1 ) 

where ()A is acollinearity angle, Pb is nominal beam momentum, and 7J is an average of and e-

polar angles. 

Thus, the momentum difference can be calculated from the acollinearity angles of Bhabha events for 

the known nominal beam energy. The center-of-mass(CM) energy VSmeas. can be calculated by; 

VSmeas. y'Snominal ~P, (14.2) 

where y'Snominal is the nominal CM energy, i. e. 2 X Ebeam for head-on collisions. Since ()A is larger 

than zero, JSmeas. must be less than (or equal to) the y'Snominal. The beam-energy spread produces 

events also over the nominal beam-energy as shown in Figure 14.19(a), while the y'Smeas. distribution 

is always below the nominal one as shown in FigI4.19(b). This is a limitation of this technique. In 

order to overcome this limitation for the sizable spread, we will need additional information such as 

energies of scattered electrons and positrons. 

Now, to separately examine the effects of finite angular resolution of the detector, the beam energy 

spread is turned off. The measured spectrum with a perfect detector, i.e. with perfect angular resolu

tion, is compared with those with the angular resolutions(ao) of 3 mrad and 5 mrad in Figure 14.20. 

In the simulation the polar angles of both tracks are smeared by Gaussian distributions with the 

assumed angular resolution. 

The statistics of the simulation in Figure 14.19 corresponds to an accumulated luminosity of 10fb- 1 

(about one year accumulation). The detector is assumed to cover the polar angular region from 45° to 
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Figure 14.20: The luminosity-spectra as measured by the acollinearity angles ofBhabha events. Var

ious angular resolutions ofmeasuring the Bhabha scattered particles are considered. Solid, dashed and 

dotted histograms correspond to angular resolution of 0'0 =O(perfect), 3mrad and 5mrad, respectively. 

1350 The observed spectrum with 0'0 = 1 mrad resolution is hardly distinguishable from the perfect• 

detector case, so it is not independently plotted in Figure 14.20. The spectrum with 0'0 >3 mrad 

shows a significant smearing effect. 

For studies of toponium physics, an accurate knowledge of the luminosity-spectrum within the total 

decay width of top quark is very important. The top quark decay width is estimated to be 1.55Ge V 

for mtop =175 GeV, i.e. ±0.5 % of JSnominal, according to the standard model. The performance of 

the accolinearity angle method in this narrow energy region needs to be examined. For this purpose 

the integral luminosity for 455< vis <450GeV to be actually obtained in collisions and the luminosity 

values to be "measured" by this method are compared. Figure 14.21 shows the results of this study. 

The "nominal" (i.e. actual) luminosity are compared with the "measured" luminosity where various 

detector angular resolution and polar angle coverage are assumed. It is seen that the angular resolu

tion better than 3 mrad is required for e > 450 to maintain a satisfactory luminosity measurement 

performance. We also observe a slightly higher luminosity by 2.5% than the nominal one even with the 

perfect resolution in Figure 14.21, since the small amount of luminosity must be added in a case that 

both two beams can loose the same energies with no acollinearity angle, where J Smeas. = J Snominal 

by Equations 14.1 and 14.2. 

When Bhabha scattered particles in a smaller polar angle region are included in the analysis the 

angular resolution of the measurement needs to be substantially improved because of a factor 1/ sin (j 

in Equation 14.1. On the other hand, the statistics of the Bhabha events increases very rapidly as 
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decreasing the minimum polar angle (Bmin) to be measured. For example, the statistics for Bmin=20° 

increases about one order of magnitude than that of Bmin=45°, therefore the integrated luminosity can 

be reduced to 1fb-1 in the requirement. As shown in Figures 14.21 and 14.22, the angular resolution 

must be 1 mrad at least for Bmin=20° . The toponium experiment will involve an energy scan. It 

will consist of operations at several energy points each for a few fb- 1 [2]. Therefore, it is essential to 

have 0'0 <1 mrad for e >20°. The higher statistics is also favored in the light of reducing possible 

systematic errors in the measurement of luminosity. 

14.4.3 Beam Parameter Fitting 

Theoretically the luminosity-spectrum is determined by a set of beam parameters: horizontal, vertical 

and longitudinal beam sizes (ax, a y, a z ) and the number of particles in a bunch(N). In the empirical 

function, two independent-valuables appeared as B N/(ax + ay) and az . They can be calculated 

from a measured spectrum, since the measured one is the luminosity spectrum convoluted by the 

cross section of the Bhabha scattering process, which is called the weighted luminosity-spectrum. In 

this analysis, one of them is obtained by assuming a fixed value of the other and vice versa, i. e. one 

parameter fitting in a likelihood method. The beam energy was set to be 250 GeV and the relevant 

parameters are listed in Table 14.1, which are called "nominal" beam parameters. 

For this study, two kinds of Bhabha events were generated by the method described in the previous 
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section. They are called 'experimental-data sample' (e-sample) and 'likelihood-function sample' (1
sample). The Monte Carlo statistics of e-samples corresponds to 10fb-1 and 1fb-1 for the angular 

regions of f) > 45° and f) > 20°, respectively. The polar angles of electrons and positrons in the Bhabha 

events were smeared with a Gaussian distribution of 1mrad resolution, then the weighted luminosity

spectrum was calculated as a function of y's from their acollinearity angles. A number of e-samples 

were generated with several sets of Band (J'z. To determine a likelihood function, a I-sample was 

generated with 10 times more statistics than the e-samples with the nominal beam parameters. The 

weighted luminosity spectrum was obtained in the same way as the e-sample. Dividing the spectrum 

into 50 bins for 450< JSmeas. <500GeV, the normalized likelihood function £ was defined by: 

(14.3) 

where J (y's) is a bin-number corresponding to y's, NI (I(y's)) is the number of events in J ( y's) 'th 

bin, and Nl-sample is the total event number of the I-sample. For the e-sample, the log-likelihood was 

calculated by; 

££ 
Ne-sa-rnple

L In£j, (14.4) 
j=1 

where Ne-sample is the total event number of the e-sample and £j £(Jj (vfSj); B, (J'z) is the likelihood 

of the j'th event in the e-sample . 
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Figure 14.23: The log-likelihood distributions of the e-samples as a function of (a) B = N/((J'x +(J'y) 
and (b) (J'z, where the parameter was varied for ±10% relative to the nominal value while the other 

was fixed to the nominal value and vice versa. 

Figure 14.23(a) and (b) shows the log-likelihood distributions as function of Band (J'z, respectively. 

From these figures it is seen that the beam parameter of B or (J'z can be determined with an accuracy 

of several % by large (f) > 45°) and small(B > 20°) angle Bhabha events for the integrated luminosity 

of 10fb-1 and 1fb- 1 , respectively. 
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As described in the previous section, since the energy scan should be made for the integrated luminosity 

of a few fb- 1 each at a number of eM energies around toponium resonance states[2]' a 1 mrad angular 

resolution must be necessary in the small angular region (0 > 20°). In these cases, the integrated 

luminosity of the peak in the luminosity-spectrum must be precisely determined, although the peak 

may be smeared by the beam energy spread. It is seen that the present study has demonstrated the 

feasibility toward this end. 
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494 c:napter 15. Gamma-Gamma Collision 

15.1 Introduction 


A 2nd interaction region is a possible option for a linear collider, and could be used for diagnostic 

purposes of e + e - beams as well as an extension of the physics capabilities of the facility. Besides the 

beam-diagnostics purpose, possibilities for the 2nd interaction include" collisions, e-, collisions, and 

e-e-collisions. e-e-collisions can be realized by replacing the positron beam with an electron beam 

in e+e-colliders. For the other two options, " and e-, colliders, a photon beam is created by inverse 

Compton scattering of a laser beam on an electron beam just before the interaction point. 

Physics opportunities in " , €-, and e-e-collisions of a few hundreds GeV have been studied by 

many authors; a summary of their ideas can be found, for example, in [4, 21, 24]. 

In " collisions, a Higgs particle is produced via loops of charged particles, light and heavy. In this 

case, the contribution of any heavy charged particle is not decoupled as long as its mass is generated 

by the Higgs mechanism. Therefore, a study of the two photon decay width of the Higgs particle 

in " collisions provides an important signal beyond the standard model. This kind of information 

cannot be obtained from e+e-collisions [35, 28). 

Another feature of " collisions is that the cross section of the W -pair cross section is large (~ 90 pb) 

for y'S:.;::; > 200 GeV. Since it is 0(101
"-'2) larger than the second highest process " f /, a high

energy" collider is a "W factory" which allows precise measurements of W properties, such as 

an anomalous coupling constant[5, 31], with high statistics. Since high-energy photons produced by 

Compton scattering can be polarized circularly as well as linearly, a photon-photon system can form 

a CP eigen state, which give us other physics opportunities unique to " collisions[2, 10, 11, 18, 19]. 

In e-, collisions, the discovery potential for some new particles is higher than in e+e-or " collisions. 

Since the initial state of the collision is asymmetric, final state particles do not have to be pair

produced, while it is necessary in most cases in " /e+e- collisions. Using this feature, e-, collider is 

a good machine for searching for excited electrons and a supersymmetric partner of electrons[17, 26]. 

Details concerning physics opportunities have been described in cited references. In this report we 

describe the status of the R&D for "colliders. The R&D issues covers a range of engineering and 

physics fields, such as: 

• Optimization of the electron and the laser beam parameters. 

• Design of Compton and photon photon interaction region. 

• Laser optics. 

• Development of high-power, high-repetition-rate laser. 

In this report, we do not try to describe a comprehensive design which includes all of the items 

listed above, but concentrate on making the property of a " collier clear in the sense of physics 

experiments, such as the luminosity distribution and beam background. Particularly, to estimate the 
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realistic luminosity and beam background, an understanding of the laser-electron and electron-electron 

beam interaction is crucial. For this purpose, a simulation program for laser-electron and electron

electron interactions, CAIN, has been developed by a collaboration of KEK, Hiroshima, SLAC and 

UCB [8, 7]. We mainly report on results using CAIN in this report. 

In the following, an overview of the II collider is given in the next section, followed by a description of 

the laser and electron beam parameters. Details concerning the photon-beam generation is described 

in section 15.2.2. The luminosity distribution calculated by CAIN is described in section 15.2.3, and 

an estimate of detector background from beam-beam interaction is discussed in section 15.2.4. Finally, 

a brief comment on the other R&D issues can be found in section 15.2.5. 

15.1.1 Gamma-Gamma Collider 

The idea of generating high-energy photons by backward-scattered Compton photons has been dis

cussed in [13, 14, 15, 33, 34], and summarized in [4]. In II colliders, photon beams are generated by 

inverse Compton scattering of the electron beam and lasers just before the interaction point. By this 

method, a photon beam of the highest energy close to the original electron beam can be generated. 

A schematic view of the interaction region is illustrated in Figure 15.1. 

igh Energy 'Y 
loP 

II 

d 

Figure 15.1: Conceptual view of the interaction region of a II collider 

lVlaximum energy of the generated photon is expressed as 

_x_EE, x + 1 e, 

where x is the kinematics parameter of Compton scattering, defined as 

(15.1) 

x (15.2) 

Here, Ee , wLand () are the electron energy, laser photon energy and angle between the electron beam 

and the laser beam (see Figure 15.2). 

A typical photon energy spectra generated by laser Compton scattering are shown in Figure 15.3. 

As shown in the figure, the energy distribution of the generated photons depends on the polarization 
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Electrons.. 
~ 

High energy 
Photons 

Figure 15.2: Kinematics of inverse Compton scattering. 

of the electron and laser beams. One can obtain a broad energy distribution or peaked distribution 

depending on their purpose by controlling the polarization. It should be noted that not only circular 

polarized, which is the eigenstate of helicity, but also a transverse polarized beam can also be generated 

that gives another chance of physics to study. 

According to Equation 15.2, the maximum photon energy increases as x becomes higher. However, 

when x exceeds x 2(1 + .J2) ~ 4.83, the energy of a Compton-scattered photon and a laser photon 

system becomes greater than the threshold of e+e-pair creation. This pair-creation process could 

waste the generated high-energy photons, and could be an additional source of detector background. 

On the contrary, the large x value has some advantage· in that the photon energy is higher and its 

spectrum becomes narrower. The possibility of a high-x " collider is discussed in [25, 34]; however, 

at least as a first assumption, the x parameter is restricted to be smaller than 4.83 in this report. For 

the case of an electron beam energy of 250 GeV, the laser energy that makes x ~ 4.8 is about 1 /-Lm, 

which fits the energy of a solid state laser, such as Nd:Glass or YAG type. 

Though a precise estimation of the luminosity of ....rt colliders requires a detailed consideration of the 

laser-Compton interaction and the geometry of the interaction region, which requires a simulation 

study of laser-Compton scattering as well as the beam-beam interaction at the interaction point, here 

we estimate the luminosity of TY colliders by a simple analysis, and describe the details in a later 

section. 

First of all, the Compton conversion probability, i.e., the mean number of Compton interactions of 

an electron in a laser pulse, is assumed to be 1. Based on this assumption, the ratio k of the number 

of electrons that interact with a laser photon (that is identical to the number of Compton-scattered 

photons) and initial number of electrons is, k 1 - e-1 ~ 0.65. So the number of scattered photons 

n,..y is 0.65nb, where nb is number of electrons in a bunch; n-y includes the whole spectrum of scattered 

photons, and roughly half of n-y have an energy greater than 60% of the initial electron energy. 

Since the scattered photons from an electron, having a Lorentz factor" generally has intrinsic angular 

spread of 11" the spatial spread of the photons is approximately dl, at distance d from the Compton 
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interaction point. As illustrated in Figure 15.1, scattered photons are boosted in the direction of the 

parent electron. The spatial size of the high-energy part of the photon beam at d can be estimated as 

(15.3) 

where ae is the beam size of the electron beam at distance d from the Compton interaction point. 

In Equation 15.3, d can be interpreted as being the distance between the Compton interaction point 

(C.P.) and the II interaction point (LP.), and ae is the electron beam size at the I.P. Equation 15.3 

determines the relation between d and ae at a fixed electron energy. Usually, d is chosen so that 

d/f = ae, because the d smaller than aef gives no advantage for a luminosity improvement, and 

just makes the interaction region more complex. For d aef, the size of the photon beam is about 

the same as the electron beam size. Therefore, the higher energy part of the photon 50% of k, 

contribute to the luminosity of a ff collier as 

(15.4) 

frepn~
L ee . (15.5)

41T'ax ay 

The electron beam size is usually smaller for the vertical direction, aY1 than for the horizontal direction, 

ax. Relation 15.3 is applied to a y. 

In short, the luminosity of a fl collider is approximately 10% of electron-electron geometric luminosity, 

and the maximum energy of the ff system is 80% of that of the original electron-electron system. 

15.2 Accelerator R&D 

15.2.1 Machine Parameters 

For studies of ff colliders, we prepared 3 sets of reference parameters: one for a 400 GeV ff collision 

and 2 sets for a 120 GeV ff collision, as summarized in Table 15.1. 

The 400 GeV parameter is designed to obtain the highest-energy "If collision with JLC-L The 120 GeV 

parameters are planned mainly for use in a light-Higgs study. For 120 GeV fl collision, 2 sets of 

parameters have been prepared. The difference in the two comes mainly from the choice of the laser 

wavelength. Since it is preferable to keep the x parameter close to 4.8 to obtain a narrower luminosity 

spectrum, parameter (c) is desirable. However, in this case, it is necessary to develop a 4 e V, TW 

laser to achieve a sufficient Compton interaction efficiency. Though a 4 e V laser may be achievable by 

the fourth-harmonic generation of Nd:Glass laser, for example, another parameter for 120 GeV was 

prepared. The laser wavelength of this "backup parameter" is the same as in the 400 Ge V case, and 

is expected to be reliable for laser development. The price to pay for this case is that the x parameter 

is small, resulting in a broader luminosity spectrum. 
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Beam energy GeV 250(a) 103(b) 80(c) 

Particles/bunch N 0.65x 1010 

Repetition rate jrep Hz 150 

bunches/pulse nb 85 +

Bunch length O'z J..Lm 90 + +

Bunch sizes (C.P.) o'c/o'c 
x y nm 584/56.1 704/66.4 667/80.5 

Bunch sizes (LP.) 0'*/0'*x y nm 58.1/8.86 70.1/10.91 79.5/9.59 

Beta functions (LP.) j3;/ j3; mm 0.5/0.8 0.3/0.5 0.3/0.3 

Norm. emittance exn/eyn nm·rad 3300/48 + +-

Geom. emittance exley 10-12m·rad 6.75/0.0981 16.4/0.238 21.1/0.307 

p parameter d/(-yO';) 1.15 1.36 1.66 

C.P-LP distance d mm 5.0 3.0 2.5 

Geom. luminosity Lee 
!leorn. 

cm-2s- 1 7.83x 1033 5.27x 1033 5.28x 1033 

Laser 

Wave length AL J..Lm 1.053 +- 0.37 

Pulse energy EL J 1.0 +- +

Pulse length O' L J..Lm 230 +- 120z 

Rayleigh length J..Lm 120 80 

r .m.s spot size O' L J..Lm 3.17 +- 2.17r 

Peak power density Pd W/m2 8.23x 1021 6.73x1022 

Max. ~ parameter ~2 0.334 +- 0.337 
x parameter 4WL E e/m2 4.51 1.86 4.11 

Table 15.1: Reference parameters of the "Y"Y collider considered for JLC. 

In all sets of parameters, we assumed that the electron beam parameters are almost identical to those 

of the e+e-collider, and that the differences are the beam size and the j3 function at the interaction 

point. Since, as mentioned before, a smaller beam size is better for the -y-y collider, the beam size 
and the f3 function for the horizontal direction is chosen to be smaller than that for the e+e-collier. 

A boundary condition for choosing the parameters is that the hardware of the accelerator is assumed 

to be the same as e+e-collider. Thus, the horizontal beam size of the electron beam is the smallest 

achievable value without changing the hardware of the accelerator. 

For laser beams, the size and power are set to obtain efficient laser-electron scattering at the C.P. The 

details concerning the choice of the parameters and the obtained photon beams are mentioned in the 

next section. 

JLC Design Study, April, 1997 

--- .......- --- --------------------



500 Chapter 15. Gamma-Gamma Collision Option 

15.2.2 Photon Beam Generation 

Laser Parameters 

At the C.P., low-energy laser photons are converted to high-energy photons by Compton scattering 

with electrons. To obtain high intensity photon beams, every electron is required to give its energy 

to a laser photon. Under actual conditions, it is reasonable to assume that an electron is scattered 

by a laser photon once on the average during one laser pulse. The number of interacted electrons in 

infinitesimal time and space, dx, dt, can be written as 

(15.6) 

where c, u c , ne and nL are the speed of light, the cross section of Compton scattering, the density 
function of the electrons and laser photons, respectively. After collisions within a finite time period, 

the number of scattered electrons is 

(15.7) 

Since this integration is complicated, due to double integration, it is convenient to define the luminosity 

of the collision of an electron bunch and a laser pulse as 

Lc = f neUe, zt}nL(x, z2)dxdz1 dz2. (15.8) 

Using the Compton luminosity 15.8, the number of scattered electrons, which is identical to the 
population of generated high-energy photons, can be approximately estimated as 

(15.9) 

The required condition of single electron-laser collision is interpreted as 

(15.10) 

In order to calculate the requirement for laser power, the density function of the electron bunch and 

the laser pulse is assumed to be a Gaussian function in all three dimensions; i.e., 

for electron bunches 

(15.11 ) 

where the beam-size u's are calculated from the given beam parameters, 

and for a laser pulse; 

(15.12) 

For both expressions z is the distance from focal point of the beam. The transverse spot size of the 

laser, u~ is expressed while assuming the diffraction-limit wave to be 

(15.13)a;:(z) = a~J1+ UR)' 
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Here, u{; is the laser beam size at the focal point. ZR is the Rayleigh length of the laser, which is 

related to its wavelength, )..L, and waist size as 

(15.14) 


To calculate the Compton luminosity with the given electron beam parameters, a guideline is necessary 

to fix the pulse length of the laser. Since a portion of a laser pulse at large z does not contribute to 

the Compton luminosity, due to the diffraction effect of Equation 15.14, the laser pulse length is 

set to 2ZR for the calculation. The requirement for the laser to satisfy condition 15.10 was calculated 

for the case of a 400 GeV II collider (parameter (a) of Table 15.1). Figure 15.4 shows the relation 

between the laser power in a pulse and spot size at the focal point. It is found that the laser power 
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Figure 15.4: Relation between laser spot size and pulse energy. 

is about 1 J /pulse when it is focused down to ~ 3JLm. 

The other factor to be considered is the laser power density. At a focal point of 3 JLm, 1 J laser pulse, 

the power density of the laser approaches 1018W/cm2 . Under this high-power density condition, a 

nonlinear effect in the Compton scattering, which lowers the peak energy of the generated high-energy 

photon, while broadening the width of the peak, is not negligible. The nonlinear effect is characterized 

by the parameter 1] defined as 
eE 

(15.15) 

where e and E are the electron charge and electric field of the laser beam; 1] can be expressed 
numerically as 

(15.16) 
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where I is the power intensity of a laser field. 7]2 is about 0.4 for a 1 /-Lm laser of 1018 W /cm2 • 

The requirement of high Compton conversion efficiency and low non linearity contradict each other. 

We found 7]2 ~ 0.3, if the laser of 1 J /pulse, 3/-Lm is chosen. Since the nonlinearity in Compton 

scattering is about 7]2(Jc, 7]2 0.3 could be a tolerable value. 

The details of the Compton scattering, such as the photon spectrum, including multiple electron scat

tering in a laser pulse, non-linear Compton scattering, must be studied by simulations, and the results 

must be fed back to the laser-parameter optimization; however, the above discussion is sufficiently 

good, and the described laser parameter is close to optimum. 

Compton Scattering Simulation 

As discussed in the previous section, in order to study the details concerning Compton scattering 

at C.P., we must count on computer simulations. For this purpose, a computer simulation program 

called CAIN[8] has been developed by a collaboration of Hiroshima, KEK, DCB and SLAC. CAIN is a 

comprehensive simulation program for linear colliders, and includes laser-electron Compton scattering 

at C.P. and the beam-beam interaction at I.P. 

For Compton scattering at C.P., CAIN is able to treat nonlinear Compton and Breit-Wheeler in

teractions. Since the cross section of Compton scattering depends on polarization of the lasers and 

the electrons, the simulation is designed to treat the spin information of lasers and electrons. In the 

current version of CAIN, although general polarization information is taken into account for a linear 

interaction, only the helicity eigenstate is treated in a nonlinear interaction. 

The photon spectrum simulated by CAIN after a laser-Compton interaction is shown in Figure 15.5 

for 250 Ge V electrons and 1.054 /-Lm lasers. The combination of the electron and the laser beam is 

chosen so that the relation >"e>"L -1 holds. This makes a peak in the highest end of the photon 

spectrum. The high-energy peak is seen around 190 GeV, which is consistent with expected value 

from n = 1 nonlinear Compton scattering, 

E I - x E (15.17)
"f max x-I + 7]2 + X e' 

Photons having an energy greater than Equation 15.17 can be attributed to the contribution from a 

multiple photon-absorption (n ;:::: 2) effect, and those in the low-energy part of the spectrum are due 

to multiple Compton scattering of an electron in a laser pulse. 

Figure 15.6 is the electron energy distribution after an interaction with the laser pulse. As expected 

from the interaction rate k ~ 0.65, about one third of original electrons are intact. Multiple Compton 

scattering produces low-energy photons as well as low-energy electrons which could diffract by a 

large angle due to the beam-beam interaction at the LP. Since large-angle electrons are a potential 

source of detector background, a simulation of these electrons is important for designing a II collider. 

Figure 15.7 shows the number of Compton scatterings experienced by a singe electron in a laser pulse. 
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Figure 15.5: Simulated photon energy distribution by CAIN. The electron energy is 250 GeV and 

the laser wavelength is 1.054 Jlm and the polarization of the laser and the electron beam are chosen 

to make a peak at the energy end of the spectrum. 
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Figure 15.6: Electron energy spectrum after the Compton interaction point. 
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Figure 15.7: Number of Compton scatterings experienced by an electron in a laser pulse. 

Millions of electrons suffer from more than 10 scatterings in a laser pulse, which may result in an 

electron energy of a few GeV. In fact, 10 consecutive backward scatterings makes 2% of the original 

electron energy[36]. The number of these particles might be on the order of 103 , which is a very small 

fraction of number of electrons in a bunch (1010), but is large enough to be a serious background 

source to detectors. In order to simulate 103 out of 1010 electrons, CAIN adopts a way to weigh 

a smaller number of particles [7]. Figure 15.6 was plotted using the weight method, which made it 

possible to see the contribution of 0(102) electrons. We found that though the probability of multiple 

Compton scattering is not small, the probability to produce very low energy electrons of ~ 2 % Ee 
is not a serious cause of additional background to the detectors. The issues concerning the detector 

background will be discussed in a later section. 

15.2.3 Luminosity Calculation 

As previously described, the luminosity of II colliders is approximately 10% of the e-e-geometric lu

minosity. However, the luminosity value as well as the structure, such as energy dependence, rapidity 

distribution and angular momentum of the II system depend on the details of laser-Compton scat

tering and subsequent beam-beam interactions at the I.P. For a realistic estimation of the luminosity, 

we used CAIN for calculations. 

After a laser-Compton scattering simulation, all particles from C.P. are brought into I.P., and then 

interact with particles from the opposite beam. During the drift from C.P. to I.P., it may be possible 

to insert an external magnet to sweep the spent electrons away from the I.P. However, for the case 

JLC Design Study, April, 1997 



505 15.2. Accelerator R&D 

of small C.P-J.P. distance, it is hard or impossible to insert such an external magnet between C.P. 

and I.P. In this case, e-e-and e-, as well as " collisions can occur at the J.P., and the beam-beam 

interaction at the J.P. changes the luminosity distribution. 

In order to simulate these effects, CAIN takes the electron disruption, beamstrahlung, and incoherent 

and coherent pair production into account as interactions at the I.P. The incoherent and coherent pair 

productions are sources of low-energy e+e-pairs, which will be described in the next section. 

The simulated luminosity distributions for 400 GeV " collider are plotted in Figure 15.8. For this 
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Figure 15.8: Luminosity distribution simulated by CAIN. The solid, dashed lines are Eor the " , 
e-, and e- e- luminosity respectively. 

parameter, we assumed that all particles from C.P. are brought into the J.P. without a sweeper magnet. 

It is seen that the amounts of &, and e-e-Iuminosity are comparable with the " collisions. 

The luminosity for the 120 GeV case is plotted in Figure 15.9 for case (b) and (c) of Table 15.1. 

Since the x parameter is smaller (1.86) for case (b) of Table 15.1, luminosity distribution is broader 

than in case (c). The absolute values of the luminosity are summarized in Table 15.2. 

15.2.4 Background 

In the reference parameters used for this study, all particles from C.P. are brought to J.P. without 

using an external sweeping magnet. Under this environment, the interaction region is simpler thanks 

to non-existence of a magnet in a small area; however, a strong beam-beam interaction at the J.P. 

could cause a large disruption of spent electrons, the generation of beamstrahlung photons and the 

pair production of low-energy e+e-by incoherent and coherent production. 
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given in Table 15.1. 
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L'Y'Y (z > 0.65) Lq (z > 0.65) Lee (Z > 0.65)Ebeam 
(GeV) 

80 1.3 (0.15) 0.36 (0.082) 0.074 (0.029) 

103 2.0 (0.12) 0.53 (0.071) 0.088 (0.037) 

250 1.3 (0.12) 0.52 (0.12) 0.18 (0.10) 

Table 15.2: Summary of the luminosity of a II collider 

In order to estimate this beam-beam effect, CAIN was designed to simulate the interaction of elec

tron/positron bunches when they are passing by. The origin of beam-beam interaction part of CAIN 

is a simulation program developed for e+e-colliders, called ABEL[32]. ABEL includes all interactions 

listed above, except for coherent pair creation, and was incorporated into CAIN. 

Figure 15.10 shows the electron disruption angle after, versus the electron energy after the l.P. inter

actions. The relation between the electron energy and the disruption angles «()d) almost agree with 
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Figure 15.10: Electron disruption angle after J.P. for the 400 GeV II parameters. The solid line is 

an estimation from the disruption parameter (see text). 

the theoretical prediction: 

( ()d) ~ J(()~) 2 + «()~)2 
. (15.18) 

(15.19) 

where Dx / y is the disruption parameter for horizontal (x and vertical (y) direction, defined as 
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(15.20) 

Here, r e is the classical radius of the electron. The largest disruption angle seen in the figure is about 

20 mrad, which is small enough not to be a direct background source to the detector. However, the 

angle is much larger than in the e+e-collision case, since the electron energy is almost monochromatic; 

and to maintain the original energy in e+e-colliders, it is necessary to introduce an additional beam 

crossing angle so as to avoid direct hit of the spent electrons to final quadrupole magnets [36]. 

Another possible source of background to be considered is low energy e+e-pairs produced by inco

herent pair production, such as: Breit-Wheeler (" ~ ), Bethe-Heitler (,e± ~ e±e+e-), and 
Landau-Lifshitz (e+e- ~ e+e-e+e-). The contribution of low-energy pairs to the background for 

vertex detector in an e+e-collider was studied in [22]. For the " collider case, due to a larger 
e - e - geometric luminosity, the effect may be larger than in an e + e - collider. The number of hits 

expected in the vertex detector during each bunch crossing is shown in Figure 15.11 as a function of 

the distance of the detector from the beam line while keeping the angular coverage of the detector 

constant. 

10 3 

.s:::. 
0 c 
:::l 
.0 
Ui 
:!:: 
:::c-

10 2 
0 

0 

0 
R..rrx 

VTX //?\ Icosk 0.9 

0-100) 
.0 

(l) 

CD 

E 
:::l <I> 
Z 

~ 

-1 
10 

0 10 20 30 40 50 

RVTX(mm) 

Figure 15.11: Expected number of background electron hits in the vertex detectors per bunch 

crossing. 

In the estimation, a magnetic field of 2 T parallel to the beam axis was assumed, and multiple hits 

by helical tracks were allowed. As can be seen from the figure, the number of hits in each bunch 

crossing is about 10, corresponding to 0(103 ) hits by each pulse train. According to a simulation of 

Compton and beam-beam interactions, the backgrounds due to direct hits of particles is not serious 
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to the detectors; however, the effect of secondary interactions must be studied. 

15.2.5 Other Issues 

In this report we do not intend to cover all of the issues concerning the development of "Y"Y colliders, 

since our activity dose not cover all of them. Among the issues, the development of high-power high

repetition rate laser and related optics is critical for realizing "Y"Y colliders. In this section, the status 

of these issues is briefly summarized. Details concerning the status are described elsewhere [4, 36]. 

Solid state lasers 

As described in the previous section, the laser required for "Y"Y colliders has characteristics of: 1 J /pulse, 

1 ps width, and 16 kW average power. At the time of this report, no solid state laser could meet 

this requirement. The status and prospect for the development of solid state lasers for a "Y"Y collider 

can be found in [36]. One of the most promising ways to achieve the performance required for a laser 

is using Chirped Pulse Amplification (CPA) [30]. By this method, a short-pulse laser is stretched in 

time by a pair of gratings and amplified to high power; it is then compressed again by another pair of 

gratings to a short pulse. The concept of CPA is illustrated in Figure 15.12. Since the peak power in 

lasing material can be reduced by CPA, problems related with high peak powers such as saturation 

fluence and nonlinear index can be resolved. An example of high peak power laser is ND:Glass laser 

used in E144 experiment at SLAC[6]. It is 1j.Lm, Ips 1J , CPA laser and is now operating at 0.5Hz. It 

should be noted the laser also achieved synchronization with electron bunches within 2ps. The laser 

meets all requirement except repetition rate which is 4 orders less than for the "Y"Y colliders. 

For the average power of the laser, the main problem is heating in the laser materials. For example, 

the Nd:Glass laser adopted in E144 has a low thermal conductivity and thermal shock limit, which 

prevents us from using it under high-repetition-rate operation. To overcome this problem, a new laser 

material, such as new glass and Yb:S-FAP, is being developed [12]. In addition, a high-power laser 

diode for a pumping laser material is required; the current high-power diode laser is 1.45kW[3]. Since 

the laser wave can be focused down to a j.Lm size, it has to be a diffraction-limited beam. Attention 

has to be paid to keep the diffraction-limited property during amplification. 

As described, the average power for "Y"Y colliders is much higher than that of achieved to date. Although 

it is expected to meet our requirement for the construction of a "Y"Y collider, an attempt to reduce 

the average power is useful. If a laser pulse can be re-used many times, the average power can be 

drastically reduced. Also, the use of laser pulse stacking mechanism would be useful. This is because 

the electron beam from the linac, which is operated at a repetition rate of 100 Hz, has up to 85 

bunches with a 1.4 ns separation in a single machine pulse. 

An idea of multi-pass reflection mirror at the interaction point is discussed in [9, 36]. It comprises 

a pair of mirrors installed at the Compton interaction point. A laser pulse reflects back and forth 

between the two mirrors, and meets with electron bunches many times at the Compton interaction 
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Figure 15.12: Concept of chirped pulse amplification 
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point. In this case, the mirror system can not be large, because it has to be placed into the small 

area around the interaction pint. Due to the smallness of the system, the damage threshold of the 

devise is critical. Particularly, the damage on optical devises due to pulse trains (repetition at 100 Hz 

of 1 J pulse with ns separation) is an open problem. Keeping a small focal point of the laser during 

reflection is another problem. Due to the build-up of aberration during mirror reflections, the laser 

spot size is getting larger, which limits the number of reflections in a mirror system. 

Another idea concerning a pulse-recycling system is regenerative ring scheme, which was described in 

[12, 36]. Laser pulses having a relatively low repetition rate are accumulated in the ring cavity, as 

illustrated in Figure 15.13. In this system, laser pulses of low repetition rate are stacked in to the ring 

Pockelcell Pockel cell 

Electron 

Figure 15.13: Concept of ring regenerative cavity. 

system, and brought to the Compton interaction point. The quality of the laser can be maintained 

by utilizing a relay image or internal cavity system. 

Free Electron Laser 

A Free Electron Laser(FEL) is another candidate for the laser for '''('I colliders. For higher energy 

"'('I colliders, such as 1 TeV center of energy, the laser wave length is about 2 {tm for x ~ 4.8. Since 

there are no suitable lasing materials in solid state lasers in this infrared range, it is necessary to apply 

FELs. The application of FEL for 'Y'Y colliders is discussed in [4, 36J. Since FEL does not have lasing 

materials, it does not suffer from any thermal problem, as solid state lasers. However, in order to 

obtain a high-power laser output, beam current in an electron linac is on the order of kA, and energy 
is about 100 MeV. 

For example, the FEL discussed in [16] has a 150 IVleV, 4 kA electron beam which generate 100 GW, 
4 {tm laser pulse. In [16]' the system consist of 10 units of 100 GW FELs, as illustrated in Figure 15.14. 

Another example is described in [36], which is for 2 J, 1 /-Lm laser pulses. In this example, a CPA is 

applied to obtain a sufficient gain in the amplification process. The current and energy of the electron 

linac is assumed to be 1 kA and 100 MeV respectively. For both cases, the energy spread of the 

electron beam must be of the order of 0.1 % to maintain a sufficient gain in the amplification process. 
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Figure 15.14: Concept of the FEL system, discussed in {16} 

15.3 Summary and Outlook 

In this report, we have described the status of the R&D work for a II collider. During the past 

several years, efforts have been made to figure out the overall features and problems of II colliders. 

In particular, there has been progress in our understanding of the beam-beam interaction issues, 

including the laser-electron interaction and such properties as the luminosity distribution and beam 

background. 

On the other hand there are many items to be studied for a realistic design of II collider, such as: 

• Development of high-average power lasers 

• Laser Optics for high-power density, including techniques for laser-pulse recycling. 

• Development of a magnet system for spent-electron sweep out. 

• Design of an interaction region complex which includes all of the items listed above. 

Although there are ideas and initial designs for all of the items described in [4, 36], the optimization 

of the design and the construction of prototypes of subsystems have not yet been performed. 

For the further development of R&D studies, it is necessary to make prototype designs of the inter

action region while taking into account the beam-beam- and laser-related issues. To carry out the 

JLC Design Study, April, 1997 



and Outlook 51315.3. 

R&D program, it is necessary to extend the collaboration so as to include laser experts, accelerator 

physicists and high energy physicists. 
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16.1 Introduction 


Depending on the requirements during accelerator operation and beam tuning, a huge number of 

various beam parameters need to be measured at a linear collider. The fundamental quantities are 

the beam position (X, Y and Z), its size (o"x, O"y, and O"z) and the intensity (Ne ). :Most other 

parameters can be derived from those fundamental quantities by using a variety of techniques. In 

some cases these quantities must be measured separately for individual bunches in a bunch train. In 

other cases, this is not required; that is, measuring the parameters that are averaged over a bunch 

train is sufficient. 

In the past several years the development of beam instrumentation for linear colliders has been con

ducted in close association with the operation of existing accelerators and the construction of new test 

facilities. The basic direction of development is to obtain high resolution, high precision and resolving 

power in multi-bunch beam operations. Some new techniques and designs of beam instrumentation 

have been developed by the research staff from KEK and their collaborators. The details of these 

developments are summarized in this Chapter. 

16.2 Beam Position Monitors (BPM) 

16.2.1 Transverse Position 

The transverse positions of a beam are most typically measured with strip-line BPMs (Beam Position 

Monitors), button BPMs and the microwave cavity BPMs. With these monitors the positions of 

individual bunches in the bunch train can be separately measured by using a window gate in front 

of the processing circuits. However, in most cases, only the average signal is needed for the beam 

orbit control. Strip line BPMs are frequently used in beam transport lines and linacs, because a 

good resolution is available with low-frequency electronics. The button BPMs are typically used in 

the damping ring because of its low coupling impedance with the beam. The microwave-cavity BPM 

is a relatively new technology. At linear colliders they are considered to be promising for use in 

conjunction with the accelerating structure, because they have excellent performance for a precise 

center definition of the structure. 

FFTB Strip Line BPM[l] 

The strip-line beam position monitors have been widely used in beam transport-lines and linear 

accelerators. Examples of development includes that at the FFTB[2] and ATF Linac[3]. 
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In FFTB, a BPM is directly installed inside the quadrupole bore aperture, and is fixed together 

with the quadrupole magnet, as shown in Figure 16.1. Pickup electrodes were placed between the 

pole pieces, utilizing the free space within the quadrupole magnet. The length of the strip line was 

determined by the available space inside the bores of the quadrupole magnets. As a result, 457.2 mm 

(18") was chosen for its length. One end of each strip is shorted to the chamber wall. 

Figure 16.1: FFTB BPM chamber installation into the quadrupole magnet. 

Figure 16.2 shows a cross section of the monitor. The vacuum chamber is made of extruded aluminum. 

It has four hyperbolic surfaces to fit inside the quadrupole pole tips and to be att~ched to them. 

The extrusion aperture was chosen to accommodate a beam stay clearance of 100'. The transverse 

dimensions of the electrode were determined using the code "POISSON" to give a characteristic 

impedance of 50n. 

Figure 16.2: Cross-sectional view of the FFTB BPM. 

The calibration of the electrical center to the magnetic center was performed by using the stretched

wire technique at the calibration stand. A singing-wire method has been developed to determine the 
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magnetic center. There, pulse signals are applied to the wire, and the wire position is electrically 

measured by detecting the induced signals on the BPM electrodes. Figure 16.3 shows the distribution 

of the measured offset of BPM electrical centers according to this calibration. After a calibration 

measurement, the quadrupole magnets with BPM are brought together into the FFTB tunnel. 

FFTB Stripline BPM 
Electrical center from Magnetic center 

400 

300 

200 • 

E • • 

.:!. 100 • •
16 en • ....•• 

• • 
15 
>

-100 • 

-200 • 

-400~~~~~~~~--~~~--~~~--~~~~ 

-400 -300 -200 -100 o 100 200 300 400 

X offset [Ilm] 

Figure 16.3: Distribution of the electrical center offset relative to the magnetic center for the FFTB 

BPM. 

This design and installation method of FFTB BPMs has an advantage that it offers good precision in 

the relative alignment between the BPM electrical centers and quadrupole magnetic centers. A BPM 

will measure the beam position at the longitudinal center of each quadrupole magnet. Generally, long 

strip-line electrodes are preferred in the light of enhancing the low-frequency components of the signals 

for improving the SIN ratio in the low-frequency regime. However, the installation and support of 

longer strip-lines can become problematic, because of difficulties with mechanical fittings and sagging 

of the strip-lines. 

A signal-processing electronics unit has two identical channels for two pickup electrodes. One unit 

of the electronics package measures one coordinate (x or y) of the beam position. It consists of 

a pulse-stretcher amplifier (called Head Amp), track-and-hold (T&H), digitization (NiTNH) and a 

pulse generator for electronics calibration (TPG). The signals are fed through long cables into the 

Head Amp, then amplified and stretched by Gaussian low-pass filters to obtain a good signal-to-noise 

ratio (SIN). The outputs of the Head Amp are given to the input of the NiTNH through matched 

RG-223/u cables. The input signals are tracked and held at their first extreme by the self-generated 

trigger inside NiTNH. After bing held, the signals are digitized by 16-bit ADCs, and are latched until 

JLC Design Study, April, 1997 



521 16.2. Beam Position J\;Ionitors 

the read operation is completed. 

--- oHsig (100ft) 
....~ ... oHsig (248ft) 
-0... oHsig (396ft) 

Resolution with ditt. cable length 

10 
E 
~ 
(j) 
en:::: 
0 

'0 
as 
E 
0>'w 

0.1 
1010 

Equivalent Beam Charge 

Figure 16.4: Estimated resolution for tile FFTB BP1H. 

The estimated resolution is shown in Figure 16.4, which is obtained by running the electronics with 

a test pulser. Pedestal levels are measured during calibration in advance. Those pedestal values are 

subtracted from the readings to remove the electrical offset. The beam position will be calculated by 

(16.1) 

(16.2) 

where k is a geometrical coefficient. The Gx and Gy are the gain ratios V2c /V4c and VIc /V3c for the 

x and y channels, respectively. They are to be obtained by calibration in advance. The deviation in 

the gain ratio from one would cause a position offset, as shown in Figure 16.5. Since the electronics 

is adjusted to have a very fiat gain ratio with the amplitude, the gain ratios are taken as being either 

a constant or a linear function of the amplitude summation (V2 + V4 or VI + V3). These calculated 

positions X' and Y' are only a first-order approximation. To obtain 1 J1 precision, we should go to 

the next higher order correction. That is, using the other geometrical coefficients k' and k" : 

(16.3) 
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Gain Ratio 
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Figure 16.5: Example of tile electronics offset for tile FFTB BP!vf. 

(16.4) 

In the case of a simple cylindrical BPIvl, the geometrical coefficients k, k' and kif can be written 

analytically as 

k= (16.5)
sin 

k' (16.6) 

sin 3~!p/3~<pkif = (16.7)
(sin~!p/~!p )r2 ' 

where r is the location of the pickup electrode from the center and Dj is the half-opening angle of the 

pickup electrode from the center. This formula gives a good approximation with less than a 0.01 J.lm 

error for a 500 J.lm off-centered beam, and less than a 3 J.lm error for a 2 mm off-centered beam. 

ATF Strip-Line BPM[4] 

The strip-line BPJVl of ATF Linac has 80 mm-Iong strips, which are shorted on one end to the chamber 

wall (Figure 16.6). The mechanical design of the strip line is simple compared with the FFTB BPrvl. 

The short strip that extends from the chamber \vill make the strip support more rigid and fabrication 

more easy. To achieve a 1 J.lm resolution, the inner diameter of the strip-line was selected as being 
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ICF114 SMA feed-through ICF114 

180 

80.0 

Figure 16.6: Stripline BPM of the ATF Linac. 

small as possible. In ATF, a 30 mm diameter was selected. The width of the strip was designed to be 

as wide as possible in order to obtain a larger beam signaL The electrode transverse dimensions were 

determined using the code "POISSON" to give a 50n characteristic impedance (Figure 16.7). 

Figure 16.7: Cross-section of ATF Stripline BPM. 

The strip-line pulses are 0.5 ns apart, which corresponds to twice the length of the strip-line. Since 
the bunch length is a few millimeters, we can treat the induced signal as impulses. The expected 

signal wave form is calculated by an approximation formula[5] which estimates the impulse response 

for long dispersive cables. The impulse areas are estimated using the charge in the bunch and the 

beam-coupling coefficient to the pickup electrode. A geometrical coupling coefficient of 0.167 is used. 
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Four RG-223/u coaxial cables are used in one BPM for signal transmission from the strip line pickups 

to the electronics front end. The four cables have identical lengths matched to within 100 ps. The 

unit lengths vary from 30 m to 50 m, depending on the distances from the electronics hut. Since the 

electronics works at about 50 MHz, signal reduction by the coaxial cables is expected to be -3.2 dB 

to -5.5 dB at that frequency. 

The processing electronics system consists of a head amp and a track-hold circuit, which is based on 

the design that is derived from the FFTB BPM electronics. The block diagram of the electronics is 

shown in Figure 16.8. Two sets of amplifying gains are provided for processing single-bunch signals 

as well as multi-bunch signals. Signals under multi-bunch operation have an enhanced low-frequency 

component than in the case of single-bunch operation. Therefore, a 17 db gain reduction in the head 

amp is introduced, for processing multi-bunch signals. This gain reduction is achieved by bypassing 

the front rf amplifier produce a 2-times SIN enhancement. 

Figure 16.9 shows an estimated resolution as obtained by using a test pulser in the laboratory. About 

a 0.7J-Lm resolution for a 2 x 1010 single-bunch beam, and 0.35 J-Lm for a 20 multi-bunch beam are 

obtained in the case of 50 m RG-223/u cables. 

The calibration of the BPM electrical center offset from the mechanical center of the BPM chamber 

was obtained using stretching wires[6]. The wire was 50 J-Lm gold-plated tungsten, which was stretched 

and measured regarding its absolute position by a 3-dimensional coordinate machine to an accuracy of 

12 J-Lm. After the measurement, a pulse, which simulated a beam, was fed into the wire. The position 

detected by the electronics represents an offset. Figure 16.10 shows the distribution of the electrical 

offset of several ATF strip line BPMs. These offsets are subtracted by the position measurement in 

the beam operation. 

In the ATF linac, BPM electronics is installed using a multiplexing method as an inexpensive instal

lation [7]. A head amp is prepared for each BPM chamber. The multiplexer is used for the output 

signal of the head amp for low-frequency signal processing. One set of the track-and-hold circuit is 

used for six BPMs, as shown in Figure 16.11. It takes a few 10 seconds to obtain the entire beam orbit 

in the linac. It is noted, however, that a full set of electronics is quite necessary for a real-life linear 

collider. 

Multibunch Position Detection by the ATF Strip Line BPM[8] 

The strip line BPM of ATF Linac has 80 mm length strips which are shorted on one end to the 

chamber wall. The signal from the strip line consists of two pulses which are of opposite polarity and 

0.533 ns separation. This signal is slowed by the slow cable response, and has a long tail after a long 

dispersive co-axial cable. In order to resolve the position of each bunch out of 20 multi-bunch, of the 

ATF beam, which has a 2.8 ns bunch separation, the tails of the signal should not overlap each other. 

The short co-axial cable for signal transmission is necessary for multi-bunch position detection. fur

thermore, the fast sample-hold circuit is also necessary to digitize the signal peak for position detection. 

In order to realize a multi-bunch BPM, an 80 mm strip-line BPM, 10 m of RG-213/u cable, an 850 MHz 

JLC Design Study, April, 1997 



~ 
Q 
0 
(b 
til

C§. 

Cr.l 
c"""" 
~ 
~ 
t:! 
~....... 

...... 
I;C 

I;C 

""'l 

~ 
()q' 
C 
"'S 
('tI 

.... 
~ 
~ 
to 
0
~ 
~ 
1»' 

0:; 
I» 
S 
~ 
""""t:r' 
(b 

'g 
0 
C":l 

~ 
til 

5' 
()'q 
(b ....... 

(b 
C":l 

"""" d 
:::I..... 
C":l 
til 

~ .., 
""""t:r' 
(b 

til 
q
"9' 
:::-
:::I' 
(b 

to 

~ 


Head Amp 
,----------------------------------------------------------------1 
I 1 
I I 
I 1 

ch1 Input fe = 25 MHz AM - 146 fe = 76 MHz ! 
56n 39n 10n: 

fe = 76 MHz 

(FRONT CIRCUIT) 

NiTNH 
,--------------------------------------------------------------~--~-I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

20ns delay I CLC940 
sum 

T&H 
ditto 

T1 T j" OJ ditto ?nn., Mol",,, j 
~ sum T 

HH-106 -

20n5 delay • CLC940 

T&H 

A01377 

16 bit 
ADC 

A01377 

16 bit 
ADC 

1______ ----------------------------------------------  ________ _ 

(CAMAC MODULE) 

...... 
~ 

~ 

to 

~ 
[ 

""""g' 
§: 
~. 
o"""" 
~ 

to 
~ 

'-.,;. 

c.n 
tv 
c.n 



••• 

526 c:napter 16. Instrumentation 

•
50 times position measurements; electronics only 
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Figure 16.9: Resolution estimation for ATF strip-line BPM. 
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Figure 16.10: Electrical offset distribution of ATF strip-line BP)\,[ chamber 
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BPM Electronics Implementation 
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Figure 16.11: Multiplexing electronics for ATF Linac commissioning. 
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low-pass filter for signal stretching and 1 GHz band width of a sample hold circuit were used in the 

ATF beam experiment, as shown in Figure 16.12. 

Beam Position Measurement Test 
using Fast S/H Circuit 

10m RG-213/u 

10m RG-213/u 

850M Hz Gaussian 

common-mode 
noise rejection 

common-mode 
noise rejection 

850MHz Gaussian 

from GUN 
trigger 

step 
t-------I delay line 

fan 
-out 

357MHz reference 

30 ps step 
0-32ns 

Figure 16.12: Experimental setup of a multibunch BPM test. 

The sample-hold circuit shown in Figure 16.13 has 400 ps strobe gate for fast sampling which follows 

a 400 ns slow strobe gate of signal holding. The circuit, therefore, works at a slow sampling rate of 

about 1 kHz. The position measurement by this circuit is done for one bunch in a train at one time. 

The resolution was estimated from the signal-to-noise ratio; in the case of the ATF strip line BPM, 

it would be 0.8 J-Lm without sampling trigger jitters and 6.9 J-Lm with ATF trigger jitters. The signal 

tail mixture into the next following bunch signal was estimated to be about 2 % in this setup. An 

example of multi-bunch beam-position measurement is shown in Figure 16.14; it was performed at the 

ATF linac pre-injector. 

ATF Button BPM[9] 

The button beam position monitors are used for the ATF Damping Ring, because of the limited space 

and the relatively low parasitic mode loss. To avoid an instability due to parasitic mode loss, the 

longitudinal impedance must be less than 0.2 n. The impedance of the button BPM was calculated 

and compared to that of the strip line. The result showed that the impedance, which was 8 mn for 
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Fast S/H Circuit Block Diagram 
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Maximum Response 350 ps rise-time 

Output Voltage +/- 10 V (FS) (signal gain=10) 

Maximum Repetition 10 kHz 

Trigger Delay offset 25 ns 

Figure 16.13: Circuit Diagram of the fast S/H for the multibunch BPM. 
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Figure 16.14: A,feasurenlent example of multibunc11 beam position in ATF. 
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100 BPMs, was very small. A consideration of the heating-up by beam interception and synchrotron 

radiation has been made. 

In order to avoid direct irradiation to the electrode, the electrode axis were rotated by 45 degrees. A 

special feed-through design was made in order to reduce the resonance below 10 GHz by good matching 

to 50 n cables. The resolution requirement is 5 J..Lm in order to measure the small dispersion at the 

wiggler section in the ATF damping ring. To obtain such a high resolution by a button electrode, a 

large-diameter electrode was used. The electrode was directly welded to the feed-through with a short 

center conductor which avoids mechanical vibration (Figure 16.15). 

ATF DR Button BPM 

referenceEBW 

reference 

plane 

reference 
plane plane 

top block (Ti) HIP transition flange (A3003) 

button (SUS304) 

cj>12mm 

brazing (Ag-Cu) 

Figure 16.15: Button BP!vf block of ATF DR. 


The feed-through consists of a central conductor, an outer conductor and a ceramic insulator forming 
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an SMA connector. The SMA connector comprises parts made of titanium and an aluminum-alloy 

which are joined through HIP transition. The mechanical strength of the SMA connector is, thus, 

increased from that of the aluminum alloy connector. Every feed-through was tested by applying 

a 60 kg tensile force and a heat cycle from liquid nitrogen temperature to 200 degrees. The four 

electrodes with feed-throughs were welded into the BPM block, which was machined precisely from a 

mass of aluminum alloy. 

The BPM block has a horizontal reference surface and a vertical reference surface which have a 50 J1m 

accuracy from the BPM block center. The block was welded to an aluminum vacuum chamber, and 

fixed to a quadrupole magnet using a stainless-steel attachment. After an installation, the mechanical 

center of the BPM block from a quadrupole mechanical center was measured. 

An electrical center relative to the mechanical center of the BPM block was measured before welding 

the block into the vacuum chamber. An electrical pulse on a stretched wire was used to determine the 

mechanical center and to simulate a beam signal. The 50 J1m tungsten wire was set to the center of the 

BPM block with an accuracy of better than 40 J1m using a gauge and a microscope. In Figure 16.16, the 

distribution of the electrical center offset for 40 BPM blocks is shown. The mean values of the offset 

ATF Button BPM 
Electrical center offset from the mechanical center 

400 I I 

300 ~ -
200 ~ . . . .-~ 100 . . .. ..:, ... ... ...,. ... .-....o ~ - .. ..... ... .. ... , ~ :-100 I"" .. . ... ... -. 

-200 

-300 ~ -
I I I I I I I-400 

-400 -300 -200 -100 o 100 200 300 400 

X offset [J.l111] 

Figure 16.16: Distribution of the electrical center offset relative to the mechanical center of the 

ATF-DR button BPM. 

were -19 J1m in the horizontal direction and 58 J1m in vertical direction, and its standard deviation 

was around 90 J1m in both directions. In order to confirm the uniformity of position detection, the 

wire was moved so as to map out the central region of the BPM. The wire was moved using a stepping 

motor stage with 0.1 J1m accuracy. As shown in Figure 16.17, the distortion was less than 10 J1m in 

center region and 100 J1m 2 mm away from the center. The position calculation was performed using 
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a first-order approximation without a higher order correction. 
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Figure 16.17: Distortion of the detected position by a linear formula (ATF-DR button mapping). 

The detection electronics for the ATF Damping Ring is base-band detection, which involves the charge 

integration of the negative swing signal cut out by the clipping module amplifier. The advantage of 

this method is a simple and inexpensive circuit compared with other single-shot electronics. The 

performance is, shown in Figures 16.18 and 16.19. 
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Figure 16.18: Linearity of the detection circuit for the ATF-DR button BPM. 
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Figure 16.19: Estimated resolution for the ATF-DR buttOI} BPAf. 

FFTB Microwave Cavity BPM[10] [11] 

In order to measure the beam position at the final focus line, a microwave cavity is used as a high

resolution, high-precision beam position monitor for the nano-meter range. The cavity monitor uses 

the TM110 mode, whose signal intensity is directly coupled to the transverse beam offset. The zero

signal output corresponding to that the beam is in the BP1,.1 center within the accuracy of machining. 

The precision of the beam offset position directly depends on the beam intensity and the accuracy 

of the cavity symmetric machining. Therefore, the cavity BPM is adequate for detecting the center 

relative to the outer surface of its body. 

The cavity BPM test was performed at the FFTB of SLAC using a sub-micron size beam. The purpose 

of the test was to verify that the cavity BPM has a nm resolution and is a certain candidate for the 

final focus BPM. The cavity BP1\1 installed in the FFTB beam line consists of three identical TM110 

(f = 5.712 GHz) cavities and a TM010 (f = 5.712 GHz) cavity. These cavities are assembled in one 

block, as shown in Figure 16.20, with a vertical stepping motor mover housed in a vacuum chamber. 
The intrinsic resolution of this BPM was obtained by having the beam passing through it and by 

analyzing the correlation of signals obtained from the three cavities. 

In order to obtain high resolution, in addition to high-precision machining in fabrication of the BPM 

cavities, rejection of common-mode noises (around 90dB rejection) is essential. The common-mode 

rejection is achieved by an external circuit which consists of a phase shifter and a variable atten

uator. The two symmetric pickup antenna following this rejection circuit are connected to the 

down-conversion electronics (Figure 16.21). The 5.712GHz signals are converted to 500MHz using 
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Figure 16.20: Pickup cavity assembly of FFTB cavity BPM. 
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535 16.2. Beam Position Monitors 

a 5.212 GHz local oscillator. The converted signal from the TM010 cavity is used for the synchronous 

detection of the TM110 signal. The detected signals are filtered by a 50 MHz low-pass-filter, and are 

sampled by a S /H circuit. 

The characteristics of the FFTB beam used for this test were: 50 Ge V, single-bunch, 30 Hz repetition 

and 1 ne charge intensity. The calibration of the position coefficient was performed using a vertical 

mover. In order to obtain an intrinsic BPM resolution using three BPM read-outs (Yl, Y2, Y3), cor

relation plots of Y2 and (Yl + Y3)/2 were made, as shown in Figure 16.22. The estimated intrinsic 

resolution for this setup and for the beam intensity was 28 nm, calculated from the fitted width along 

minor axis of the distribution. The beam position jitter was 10 {tm in this case. 
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Figure 16.22: Correlation plot of BPlvI readings from FFTB cavity BPlvI. 
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16.2.2 Longitudinal Position 

The longitudinal position of the beam, which means the relative spacing of individual bunches within 

a bunch train, will be measured by analyzing the intensity distribution of Cerenkov radiation or 

synchrotron radiation of the beam. This measurement can be achieved by the auto-correlation method, 

or by using a streak-camera system which is now available with a resolution of 0.2 ps[12]. These 

monitors can be achieved by an extension of the ordinary techniques currently available. A detailed 

discussion will given in the section of the bunch-length monitor. No development or no experiment 

has yet been performed for this monitor. A measurement test of the bunch spacing will be made at 

the extraction line of the ATF Damping Ring. 

16.3 Beam-Size Monitors (BSM) 

16.3.1 Transverse Spread 

The transverse spread of a beam which is related to the transverse emittance, will be measured using a 

phosphor screen, a wire scanner, synchrotron radiation, and laser-Compton scattering. These monitors 

will be applied at an appropriate position in the accelerator. 

A phosphor screen, which is a destructive and relatively low-resolution beam-size monitor, will be fit 

to the low-energy part and a beam of mm-size. 

The wire-scanner beam-size monitor, which is placed anywhere in the accelerator has an advantage .in 

that measurement with this monitor is relatively non-intrusive. However, it has a a disadvantage of 

being a multi-shot monitor. It requires many beam pulses for a complete size measurement. During 

wire scanning, the beam should maintain the same parameters. 

A synchrotron-radiation monitor uses radiation emitted by a beam in the bending field. It can be 

applied to any location having a bending magnet or a wiggler magnet in the accelerator. Its resolution 

is limited by the diffraction of synchrotron light, which greatly depends on the radiation opening angle. 

The expected resolution will be around 10 to 50/Lm, depending on the observation wavelength. 

The laser beam size monitor is categorized in two types, depending on the interaction method between 

the laser and the beam. One is a fringe monitor, which uses the interaction of the beam with the 

interference fringes of the laser. The other is the laser-wire monitor or the laser beam scanner, which 

uses the interaction of the beam with the laser beam itself as an scanning probe. Since both are 

necessary to scan the beam, they are multi-shot monitors. 
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539 16.3. Beam-Size Monitors 

Phosphor Screen Profile Monitor[13] 

Beam-profile measurements at around a few 10 /lm accuracy will be carried out by inserting a phosphor

screen in the beamline. It is noted that the screen stops some part of the beam, and because of multiple

scattering it makes the beam diverge after passing. The radiation emission to downstream must be 

considered for the installation. Since fluorescence light comes from excitation of the phosphor by the 

beam, the thickness of the screen substrate should be thinner in order to' avoid multiple scattering 

of electrons. In the ATF development as shown in Figure 16.23, the phosphor substrate was polished 

Beam 
Phospher screen 

mirror 

Trigger i 

CCDcam ra 
with frame 
memory 

ICF114 

air 
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Phosphor Screen 

on/off control 

NTSC video output Monitor 

Figure 16.23: ATF Phosphor screen profile monitor. 

to 130/lm thickness to obtain around 20/lm resolution by electron multiple scattering. Though the 

light yield from the thin screen decreased, the optical telescope should be set at high magnification 

for high-resolution imaging. The detected beam image, therefore, tends to be dark compared with an 
ordinary screen. 
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The resolution of the optical-telescope system, which was needed to avoid radiation damages, was 

estimated to be around 20 J.Lm, which was mainly determined by the pixel granularity in a CCD 

camera. The main radiation damage was caused by direct gamma rays from the phosphor screen. A 

mirror of gO-degree reflection was used to avoid direct radiation from the screen. An: optical telescope 

and a gated CCD camera were installed downstream of the first mirror. The gate time, synchronized 

with the beam, was set to be 17 ms long, because of the long decay time of the fluorescence light. 

The beam image was frozen and converted to an NTSC video signal by the CCD camera driver. An 

analysis of beam size was performed using off-line analysis software for a beam size of around 300 J.Lm 

sigma. An example of the beam image is shown in Figure 16.24. The measured emittance was in good 

agreement with the wire-scanner result. 

Figure 16.24: Example of the beam image obtained by the phosphor screen profile monitor. 

Transition-Radiation Profile Monitor[14] 

To obtain a bunch-by-bunch beam profile, transition-radiation light was used along with a fast-gate 

camera. The transition light was created by a polished stainless-steel plate located on the beam line 

at the ATF linac preinjector. Since the radiation from a point charge spreads like a ring distribution, 
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the observed image will be a convolution of its distribution and beam-charge distribution. The beam 

size should, therefore, be greater than the ring distribution. The imaging technique is the same as 

that of the phosphor screen. However, a 2.5 ns gate could distinguish each bunch within the 2.8 ns 

spacing of the ATF multi-bunch (Figure 16.25). For applying this monitor in the high-energy part of 

the accelerator, we should consider the beam loss and radiation emission by a transition light radiator. 
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Figure 16.25: Gate characteristic of the fast gate camera. 

Wire Scanner Profile Monitor[15] 

Beam-profile measurements at around 1 J-Lm accuracy is made using the wire scanning method. For 

fine-resolution measurements, a thin carbon wire of 4J-Lm diameter was used on the mover, which uses 

a stepping motor stage of 0.5 J-Lm step resolution with a 0.1 J-Lm repeatability. Detection of the profile 

is done by measuring the gamma-ray yield synchronized with the wire movement downstream of the 

wire scanner. This wire scanner will be tested on a 10 J-Lm beam of the ATF extraction line. 

The development of the wire scanner monitor was performed using a 50 J-Lm gold plated tungsten wire, 

instead of carbon wire, at the Tohoku University linac and ATF linac by collaboration with Tohoku 
University. The wire was stretched in three directions by one wire, as shown in Figure 16.26. By this 

stretching method, one-way slide of the wire mount could perform a beam-size measurement in three 

different directions (X, Y, U) at one time. The beam size determined by the U-wire was used for a 

coupling measurement between the X and Y directions. The wire mount was fixed to both ends with 

the linear slider in order to avoid mechanical vibration during a scan. The vacuum chamber housed 

the wire mount, which was held at an angle of 45 degrees. One of the sliders was the stepping-motor 

stage, which had a 0.5 J-Lm step resolution and a 0.1 J-Lm repeatability. The gamma-ray signal and 
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Figure 16.26: Wire scanner chamber for ATF linac. 

knock-on electron signal were used for detecting the beam-wire interaction. A photo-multiplier with 

a plastic scintillator was used for the gamma-ray detection, placed at downstream of the wire scanner 

with around IO-degree scattering angle. This is in order to avoid beam halo gamma-ray background. 

In the case of knock-on electron detection, a detector that was the same as that mentioned above was 

placed in a position perpendicular to the beam line with a thin plastic window in order to avoid the 

absorption of scattered electrons. A beam-size measurement using this wire scanner was performed 

on a beam having around a 1 mm transverse size. The functioning of the wire-scanning method was 

confirmed by the results in Figure 16.27, which show a clear measurement of the beam size by a 50 J.Lm 

probe. 
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Figure 16.27: Example of a beam-size measurement using the wire scanner. 
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A measurement of the beam size for each bunch in the bunch train was developed by using a photo

multiplier tube (PMT) with a fast gate. The PMT has a photo-cathode with a grid and two stacks 

of multi-channel plates (MCP) for electron amplification. The grid has a response time of less than 

5 ns gate width for an on/off ratio of 4 x 105. The 2.5 ns gate width was applied to the PMT in 

order to distinguish a gamma-ray from each bunch out of a 2.8 ns interval multi-bunch train. A beam 

experiment of this multi-bunch beam-size measurement using a wire scanner was conducted at the 

ATF Linac pre-injector using the same scanner chamber and ATF 2.8 ns spacing multi-bunch beam. 

The detection of gamma-rays was made using a bare PMT without a scintillator converter. Electron 

emission from the photo-cathode was expected by the direct excitation of electrons and Cerenkov light 

in a glass window of a PMT by a converted electron. The PMT was placed downstream of the wire 

scanner chamber at an angle of 14.2 degrees away from the beam line. Lead blocks shielded the PMT 

from the halo gamma-rays of the linac. An example of a wire scan focused on the 6'th bunch in a 

20 multi-bunch is shown in Figure 16.28. In this way, the beam size in the multi-bunch train can be 

measured for each bunch, as shown in Figure 16.29. 
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Figure 16.28: 6th beam profile within a 20-bunch train, obtained by the wire scanner and gate 

PMT. 

Synchrotron-Radiation Profile Monitor[16] 

Non-destructive beam profile measurements at around 50/-Lm resolution will be carried out using 

synchrotron radiation. To avoid blurring of the image due to diffraction of synchrotron light, a shorter 

wave length will be used for imaging. This monitor is installed in the Damping Ring to monitor the 

beam size turn-by-turn along with the beam-size damping. 
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Figure 16.29: Beam size measurement of multi-bunch beam. 

A synchrotron-radiation (SR) monitor was developed in collaboration with the Institute of Nuclear 

Science of the University of Tokyo· using their Electron-Synchrotron (ES). The ES is a fast-cycle 

synchrotron accelerator with 20Hz repetition and 1.2 GeV top energy. Since the beam cycle and 

damping along the acceleration are similar to that of the ATF Damping Ring, SR monitor development 

was started using the ES beam before commissioning the Damping Ring (Figure 16.30). The vacuum 

chamber of the bending magnet was modified so as to attach an extraction port for synchrotron 

radiation. The extraction port, including the first mirror, which reflected visible light and avoided 

X-rays and other radiation, was pumped out to the 10-7 Pa level to avoid dust from being trapped on 

the mirror surface. The mirror was made of aluminum-coated glass with a very low thermal-expansion 

coefficient. The distortion of the mirror due to the absorption of synchrotron-radiation energy was 

kept small. Two sets of appocromatic lenses were used to obtain about a factor 1.0 magnification of 

the image. A fast-gate camera using a gate photo-cathode, an 11CP, a light converter and a CCD was 

used for single-shot imaging with around 10 J..Lm granularity. The fast-gate camera could be operated 

with a 2.5 ns gate width, which was confirmed by this beam test. The resolution of this optical system 

was mainly limited by the diffraction determined by the radiation opening angle. The diffraction 

determined by the opening angle of the optical system. These contributions were estimated to be 

about a 50 J..Lm increase in the image width. As a result, point-source imaging with less than 50 J..Lm 

radius would be difficult by the SR monitor. This situation is the same as in the case of Damping 

Ring. Since the ES beam size was greater than 500 J..Lm, the measurement was successfully performed, 

1Starting April of 1997, INS was detached from University of Tokyo, and has become part of High Energy Accelerator 
Research Organization, KEK, formerly known as National Laboratory for High Energy Physics. 
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Figure 16.30: SR extraction and optics of tbe ES SR monitor. 

as shown in Figure 16.31. On the other hand, since a measurement in the Damping Ring is limited 

by diffraction, the measured beam size reaches equilibrium far away from the true beam size. 

-+- Xsize FWHM (/ITl] ... -0 ... pos-X [!lm] 

~ Ysize FWHM (/ITl] ... -0 ..• pos-Y [J.lm] 

7000 r---....--".------r-------,r---..-----, 4000 

6000E 
~ 
::iE 5000:c 
~ 

4000 
Q) 
N

'00 
>- 3000 
a) 
N 
'(ii 
x 2000 

E=900MeV, S6=1.0V 
o 16 bunch accum 3000 

o 

o· .o:::6":8:::8:::!;:::8:::~:::g:::8:::g:::g:::~:::~:::O";B:::6:::: 1000 

"'0 

2000 o en 
X 
-g 
en 
-< 

o 

-1000 

1000 ~-----~-----~------------~--------------~--~--~-2000 

0 5 10 15 20 


Time from BO [ms] 


Figure 16.31: Beam-size measurement along 20ms acceleration in tbe ES. 

JLC Design Study, April, 1997 



546 <Jhapter 16. Instrumentation 

Laser-Profile Monitor (Fringe Monitor) [17] 

For the final focus beam line, a very precise profile monitor of nano-meter beam size is required for 

focus tuning. A novel technique has been developed where the interaction of the beam with a laser 

interference fringe pattern which has a pitch size of sub-microns is utilized. The beam would interact 

with the laser fringe pattern and produce a Compton-scattered gamma-rays. The flux of the scattered 

gamma-rays is measured downstream as a function of the steered beam position. Modulation of the 

gamma-ray intensity gives information about the beam size. This profile monitor was installed and 

tested in the FFTB at SLAC. 

The monitor consists of a Nd:YAG pulse laser, 20 m of laser transport line into the tunnel, an interfer

ometer stage in the beam line and a gamma-ray detector using Cerenkov light. The laser output is a 

200 mJ and 9 ns pulse at 1064 nm wavelength which is stabilized by a seeding laser injection technique 

for improving the coherency and a spatial distribution. The interferometer stage stands perpendicular 

to the beam line. It is an optical table that has a size of 1.5 m in the horizontal direction, 1.6 m in 

the vertical direction and a thickness of 110 mm. 

Interferometer Compton-Scattered 
"tray flux 

"tray Detector 
Nd:YAG-Laser 

Figure 16.32: Principle of the laser fringe profile monitor. 

The optical system is arranged in the stage so as to produce interference fringes in the center vacuum 

chamber, which is connected into the beam line (Figure 16.32). There are three operation modes 

for three different spacings of the interference fringe, as shown in Figure 16.33. 'Mode l' generates a 

0.53/-lm spacing vertical fringe which is used for 40 to 180 nm vertical beam size measurements. '1'lode 
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2' generates a 2.1 J.Lm fringe for 160 to 720 nm vertical size. 'Mode 3' generates a horizontally spaced 

fringe of 10.2 J.Lm for 0.76 to 3.4 J.Lmm horizontal beam size measurement. 
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Figure 16.33: Three operation modes of the laser fringe profile monitor. 

The gamma-ray detector placed downstream of the interferometer stage consists of a lead converter, 

a gas Cerenkov periscope and a photo-multiplier tube with a lead shield. The laser was operated 

at 10 Hz and the FFTB beam was operated at 30 Hz. A noise pedestal measurement for pedestal 

subtraction was made with a near-time position of the signal measurement. 

A measurement of the modulation of the gamma-ray intensity from the interaction of the laser fringe 

was performed by moving the beam vertically with a fine step of around 30 nm. From the observed 

intensity modulation, the beam size was calculated to be 66 nm in the vertical in the case of Fig

ure 16.34. The measured spot-size distribution for 3 hours (Figure 16.35) indicates a stable beam size 

and a stable measurement of around 70 nm. 
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Figure 16.34: Observed gamma-ray intensity modulation in the case of a 70nm beam size. 
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Figure 16.35: Beam size distribution measured by the laser fringe monitor. 
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16.3.2 Bunch Length Monitors 

The longitudinal spread of the beam (bunch length) will be measured by the intensity distribution 

of Cerenkov radiation, synchrotron radiation or transition radiation of the beam. This measurement 

can be achieved by the spectrum-conversion method or by a streak-camera system which, is the same 

as that for measuring the longitudinal position. 

Streak Camera[18] 

A streak-camera (FESCA-500 from Hamamatsu Photonics Co.) is used in the ATF linac preinjector 

to measure the bunch length using transition light from a stainless-steel plate. The camera consists 

of an input slit, an input optical lens, a photo-cathode, an MCP, fluorescence light converter, an 

output lens and a CCD camera. The light which passes through the slit and input lens is focused 

on the photo-cathode. The emitted electrons are accelerated by a high-voltage field and swept by a 

fast sweeping field. The swept electrons are amplified by the MCP and hit a fluorescent screen. The 

image on the screen is captured by the CCD camera. These working principle of the streak camera are 

illustrated in Figure 16.36. The maximum resolution of the FESCA-500 is 0.6 ps in the case of a 60 ps 

Photocathode 
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Figure 16.36: Principle of streak camera. 

full-sweep range. The streak camera is placed outside of the linac tunnel. The transition light from 

the beam line is transported by an optical system which consists of a f 500mm object lens, three 
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mirrors and a f = 50 mm focusing lens. The measurement is usually performed without a wavelength 

filter. The error coming from the time difference due to the different wavelengths is estimated to be 

2 ps. The other error coming from the effect of an infinite scanning beam width is estimated to be 

4.5 ps in the case of a 500 ps sweep range. The measured bunch length of the multi-bunch shown in 

Figure 16.37 is around 15 ps with these errors subtracted. 

The bunch-length measurement in the ATF Damping Ring is performed by a two-axis sweep streak

camera, which can sweep the SR light several times during the damping process. Two sets of sweep 

electrodes are installed in the streak tube. One electrode sweeps the beam slowly (such as 20 ms full 

range), while the other sweeps it very quickly (such as 0.2 ns full range). The image taken by the 

one-cycle scan gave a set of bunch-length information along the damping process. The bunch-length 

monitor of the ATF Damping Ring is installed using the same optics line as that of the SR beam size 

monitor. The development of this monitor was also done at the ES SR monitor line. An example of 

the result is shown in Figure 16.38, which shows a bunch length shrunk during acceleration. 

Spectrum Measurement [19] 

For a short bunch length measurement of less than 1 ps, a spectrum measurement of the coherent 

radiation has been proposed [19]. Since the spectrum of coherent radiation is proportional to the 

bunch form-factor, an FFT conversion of the spectrum expresses the longitudinal charge distribution. 

The development of a bunch-length monitor of this method was started at Tohoku University. A beam 

test using the ATF linac preinjector was done in collaboration with Tohoku University. 

Two different detectors were used for spectrum detection of transition radiation from a thin aluminum 

foil. One was a spectrometer using a diffraction grating and a Si-bolometer. It could measure the 

spectrum very precisely with a scanning time of several hours. The other was an InSb detector array 

with a diffraction grating, which could detect each spectrum component at the same time. This 

type of detector, which is illustrated in Figure 16.39, sample the spectrum shot-by-shot of the linac 

beam. Since the linac beam was too long to detect the bunch length by these detectors, against 

our expectation, the measured beam size did not agree with the streak-camera measurement. An 

additional trial will be held in the near future. 

16.4 Bunch Charge Monitors 

16.4.1 Charge of Each Bunch 

The amount of charges in each bunch and total charge of a whole bunch train is measured by a wall

current monitor (WCM) and a current transformer (CT). In order to measure the response of each 
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Figure 16.37: Example of bunch length measurement for the ATF linac multi-bunch. 
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Figure 16.38: Example of a bunch-length measurement during 20 ms acceleration of the ES beam. 

Figure 16.39: Spectrum detector of coherent transition radiation. 
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bunch, which has a 1.4 ns bunch spacing, fast-response pickups, short-length cables and fast response 

digitizers are required. The WCM with around a several 100 ps response time using a chip resistor can 

measure each bunch intensity by using a short co-axial cable and a wide-band sampling oscilloscope. 

On the other hand, a CT having a relatively slow response will be used for total-charge measurements. 

Wall Current Monitor 

The vacuum chamber of the wall current monitor has a ceramic insulator, shown in Figure 16.40. 

The chip resistors, which have low inductance at high frequencies, are soldered between the insulator 

gap. A symmetric connection of four cables can be used for signal extraction. The combined signals 

of the four extracted cables does not have a beam-position dependence, which is useful for current 

measurements. The outer sides of the resistors are shielded by a cylindrical aluminum case with a 

microwave absorber inside. The observed signal by this WCM, as shown in Figure 16.41, has a ringing 

ICF114 
~ 

-----i-=-
<1>30.7 

4 SMA connector 

chip resistor 

ceramic insulator 

110.0 


Figure 16.40: Wall current monitor chamber of ATF linac. 

tail, which results from reflections of the wall current and resonance. Therefore, a further study is 

necessary for a precise measurement of the bunch current. 
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Figure 16.41: Observed multibunch signal by the wall current monitor in ATF linac. 

Integration Current-transformer Monitor 

The integration current-transformers (ICT) from Bergoz Co. are used in several places of the ATF. 

The ICT integrates a very fast beam pulse on the order of 20 ns. A measurement of the current 
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Figure 16.42: Example of the waveform output from the integration current-transformer monitor. 

of a short pulse is possible with less than 0.1 % error. On the other hand, this is not suitable for 

a multi-bunch beam of 60 to 130 ns corresponding to the ATF beam and, also, the Linear Collider 

beam. An example of the response is shown in Figure 16.42. It is necessary to develop a multi-bunch 

charge measurement. 
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1.6.5 Other Quantities 


Other quantities to be measured frequently at JLC include the transverse emittance ex, ey, the beam 

energy E, and the energy spread O'E. They are derived from the transverse beam profile O'x, O'y 

using the beam-optics parameters, beam position and profile using a bending field. Thus, a measure

ment of these quantities can be made by combining the above-mentioned monitor outputs and optics 

parameters. 
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560 17. Accelerator Tunnel and Facilities 

17.1 Introduction 


An appropriate site for JLC should satisfy the following technical criteria: 

1. A geologically and geohydrologically stable area for the constructions of a long linac tunnel and 

a large detector-hall. A low level of seismic and micro seismic activity for the alignment of the 

final focus system, the main linacs, and the damping rings. 

2. 	 Availability of large electric power (/"V 300 MW) and enough water-cooling capacity for linear

collider operation. An area close to an existing AC power line from a power station to industrial 

cities is favorable in this respect. 

3. 	Easy access to the site from a highway, major railways such as Shinkansen, and an airport. 

Keeping these criteria in mind, possible main tunnel designs are being studied. In this chapter, the 

main tunnel design based on both the blasting method (so-called NATM) and boring method (so-called 

TBM) is given after a short historical review of the design based on the shield method. 

17.1.1 Tunnelling Methods 

The construction methods for the main tunnel and detector-hall have been investigated for the fol

lowing three cases: 

• Shield method, 

• Blasting method, 

• 	 Thnneling boring machine. 

In an early stage of the JLC project design, the shield method seemed to be the most appropriate 

to reduce land cost. At that time the utilization of a deep underground location was attracting 

people's attention as a solution to obtain land for public use during the inflation period of the land 
price triggered by rapid economical growth. The Ministries started to prepare a draft of a law for the 
utilization of deep underground space in the metropolitan area. The objective of the draft was to allow 

the construction of public facilities at a depth deeper than 50 m underground without distinction of 

superficies. Assuming that the law would be enacted within a few years, we have elaborated a plan to 

construct the main tunnels and a detector-hall at a depth of 100 m underground in the Tsukuba area, 

so that the detector-hall could fit in the present KEK site. This would also allow the construction 

of the injector complex, including damping rings, injector linacs, and a positron production linac, on 

the ground of the KEK site. Outside of the present KEK site, several spot sites were required to 

construct pits dug in the ground for access to the main tunnels, as in the case of LEP and HERA. 

The accelerator and detector components could then be transported through the pits by lifts. 
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The Shield Tunnelling Method is applied for tunneling when water-tightness in poor-soil conditions 

is required. The Shield Tunnelling Methods are typically utilizing for under-sea tunnels, such as the 

Dover Tunnel and the Trans-Tokyo Bay Tunnel. The Shield Tunnelling Methods are also utilized for 

subway tunnels in urban areas in order to reduce sound and vibration to the environments. If we use 

shield machines~ the cross section of the main tunnel should be circular, and its diameter should be 

constant over the full length of the main tunnel. Deep underground, the wall of the tunnel should 

be strong enough to sustain a high earth pressure, and should also be made water-tight by chemical 

processing in order to cope with high water pressure. The construction cost depends on the depth 

of the tunnel. The cost has been estimated to be approximately 20-30 MYen/m, referring to the 

Trans-Tokyo Bay Tunnel which connects Chiba and Kawasaki by a highway (under construction). 

A technical difficulty lies in the construction of access pits of 100 m in depth. There remains a 

subtle problem concerning the interpretation of the word "metropolitan area": whether the law can 

be applied to the Tsukuba area or not. In the meanwhile a sudden collapse of the so-called bubble 

economy in 1990 induced a recession and caused a drop in the price of land, which diminished interest 

in the utilization of deep-underground locations. 

Since then, interest in the site was changed to hard-rock mountains, which would provide small vibra

tion and long-range stability for stable beam collisions at the interaction point. In order to excavate 

the main tunnel inside of a rock mountain, the following two tunneling methods are applicable: a 

blasting method (so-called NATM) and a boring method (so-called TBM) to excavate the main tun

nel inside rock along a ridge of mountains. The design of a facility has been investigated for these two 

tunneling methods. 

17.2 NATM 

The concept of NATM (New Austrian Tunnelling Method) was developed as the result of findings 

by Rabcewicz in 1944 concerning the importance of the time-dependent behavior of a rock mass; a 

study was made by Fenner in 1938 on the reciprocal relationship between radial deformations and 

the required support resistance in tunnels. Some basic requirements had already been established 

at the beginning of the century, such as the rapid installation of a support in full contact with an 

unexcavated rock surface. 

The application of NAT]\1 began with the use of shotcrete in small water tunnels with poor rock 
conditions. The construction of the 6.4 km-Iong Tauern tunnel in Austria was a milestone application 

of NATM. The Tauern tunnel was a significant stage, since for the first time extremely difficult rock

pressure phenomena resulted from primary stresses had been observed. In addition, the phyllite in 

the area had very poor physical characteristics. Deformations of 10 to 20 cm or more on short sections 

necessitated the use of longitudinal contraction joints in the shotcrete to allow more flexibility of the 

lining. The stabilizing effect of fully mortar-embedded rock bolts in the very poor ground was obvious. 

Subsequently, NATM was used for road and railway tunnels, and large openings for various purposes. 
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Some promising developments in technology were found from the 1970's in Europe, especially in North 

Europe. The NATM technology was imported from Europe in the early 1980's to Japan. At present, 

NATM has been one of the most popular tunneling methods for small water tunnels, railway tunnels, 

road tunnels, oil-storage tunnels and large amusement halls in rock mountains. 

17.2.1 Characteristics of NATM 

The principal concept of NATM is that the ground (rock or soil) which surrounds the excavation can 

be made to acts like a load-bearing ring, thus enabling the ground to become an important support 

member in itself. In other words, the surrounding area of the excavation acts like an arch-dam for 

supporting the high pressure of large amount of water mass. For this, the following basic requirements 

have to be taken into account: 

• 	 Consideration of the geomechanical ground behavior; 

• 	 The most suitable static shape of the profile; 

• 	 Avoidance of any unfavorable stresses and deformations by adopting suitable support works, 

installed in the correct sequence;. 

• 	 Optimization of the support resistance as a function of the allowable deformations; and 

• 	 Control by in-situ measurements. 

When a tunnel is excavated, the prevailing primary state of equilibrium is transformed in several 

intermediate steps of stress re-distributions to a new secondary state of stable equilibrium. The aim 

of NATM is to influence these processes in a way which is both technically safe and economical. 

During excavation, the soil or rock deformations should therefore be controlled in such a way that 

they remain small enough to avoid a decrease in the rock strength, but large enough to mobilize the 

rock to form a load-bearing ring, thus reducing the required support resistance. 

Rock bolts are the most important support element for squeezing and swelling ground. In poor 

geological conditions due to the abnormal rock pressure phenomena, the complex of the rapidly applied 

a shotcrete and rock bolting can improve the situation considerably. 

The procedures of excavation by NATlVI are schematically shown in Figure 17.1. It goes through the 

following steps: 

1) Excavation and shotcrete 

• 	 The blast depth is determined from the condition of the rock determined by in-situ measurement. 

• Drilling the rock at the face of the tunnel by a drill jumbo with several booms. The drilling 

depth is adjusted by the blast depth. 

• Insertion of explosives into the drilled holes and connection of a leading wire to the exploder. 
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• Taking the drill jumbo backward so as to avid any damage from the blasting. 

• Blasting by explosion. 

• Mucking by a shovel car to muck loaders. See Figure 17.2. 

• 	 The drill jumbo approaches the face of the tunnel and the shotcrete is sprayed by two or four 

spraying machines on the jumbo. The depth of the shotcrete is determined by the condition of 

the rock. 

• Systematic rock bolting is carried out if the rock condition is poor. 

The depth of the blasting and shotcrete, and the length and density of the rock bolting are determined 

by the rock condition. Five patterns have been standardized by both the Ministry of Construction 

and the Ministry of Transport in this country. An in-situ measurement of the deformation of the rock 

surroundings after evacuation determined the next step of the excavation and shotcrete. The above 

basic procedure requires about 6 hours for one cycle. In general, four cycles of blasting and shotcrete 

are carried out per day. 

2) Water-proofing and lining 

• Installation of a drain on the side wall of the tunnel. 

• 	Water proofing with a chemical sheet using a traveling form. 

• Arch lining by a traveling form. 

3) Invert concrete 

• 	Water drain on the floor at both sides of the tunnel. 

• 	 Invert concrete for the floor of the tunnel. 

In-situ Measurement of Deformation after Excavation 

The inner dimensions of the tunnels are measured after blasting during the period of deformation. The 

deformation in an ordinal rock mountain is damped in two weeks, except in very poor rock conditions. 

The following data show typical examples of the deformation of rock tunnels in two different rock 

conditions. The data were obtained at tunnels for an experimental railway of the JR Superconducting 

Linear Motor Car excavated near Mt.Fuji. From those data, the deformations in the main-tunnels 

of JLC excavated by N ATM can be estimated, since the tunnel size is similar to the size of the 

main-tunnel of JLC. As shown in Figure 17.3, in Thff rock, which is of relatively poor condition, the 

maximum deformation of the width of the tunnel is 22 mm. The deformation in the level of civil 

engineering is damped in two weeks. In Quartz Prophyry rock, which is relatively hard rock, the 

maximum deformation is 5.5 mm, and is damped in 10 days. See Figure 17.4. No detailed data 
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1. Drilling the face with drill 

4. Rock bolt 

Figure 17.1: Procedure of NATM. 

Figure 17.2: Face of the tunnel at the mucking. 
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concerning deformations during many years have been measured; however additional deformations 

on the level of civil engineering have not been observed. In Granite rock, the deformation would be 

smaller than in the above two examples, since the rock condition is hard. 
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Figure 17.3: Deformation of a tunnel excavated in the Tuff rock mountain 
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Figure 17.4: Deformation of a tunnel excavated in a Quartz Popylite rock mountain 
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17.2.2 Design of the Tunnels Excavated with the NATM Technique 

Access Roads 

A total design of the JLC Facility was performed using the NATM technique. At the starting point 

of the construction, access roads are constructed from the existing roads to the access points where 

the construction work offices are built. After that, the construction materials are brought into the 

assembly areas near to the construction work offices. 

The total number of access points should be determined by both the construction period and the 

total cost of construction. Assuming a 5-year construction period, the total number of access points 

is nine, as shown in Figure 17.5. A large-scaled access point is placed at the interaction region for the 

detector which requires the transportation of a superconducting solenoid magnet of large diameter 

into the detector-hall. Another eight access points are utilized for the accelerator. The access points 

are required for each of the main linac and one access point for each injector complex, including bunch 

compressor. Assuming that the total length of the JLC is 28 km and the distance between the access 

points of the main linac is 3.2 km, one access points near to the injector complex should serve as 

access to the bunch compressor and main linac. These access roads would be utilized for access from 

the outside to the accelerator for maintenance. 

Access Tunnels 

In the second stage, the access tunnels would be excavated by NATM to the location of the accelerator 

tunnels, such as the main-tunnel, the pre-accelerator complex, the injector complex and the detector

hall. The number of access tunnels to the main tunnel would depend on the required construction 

period of the total facility. The speed of excavation is determined by the blast depth, which depends 

on the rock condition. Assuming that the rock condition is typical Granite existing in this country, 

the excavation speed of main tunnel is estimated to be about 150 m/month. Consequently, the access 

tunnels should be placed every 3 rv 5 km of the main tunnel. These access tunnels would be utilized 

for the mucking, gallery ventilation as well as the transportation of the construction materials. The 

cross section of the access tunnels should be determined, based on the following conditions: 

• Two lanes for 25 t dump trucks. 

• 	 Sufficient size for the easy transport of construction materials. 

• Space for the duct of gallery ventilation. 

• 	The average slope should be less than 1:10 in order to allow easy mucking by heavy dump trucks. 

• Sufficient size for transporting accelerator components and detector components after construct

ing the facility. 

• 	 The average slope should also be less than 1:10 in order to maintain easy transport of the 

accelerator and detector components 
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Figure 17.5: Access points to the detector-hall, main linac, injector complex and bunch compressors. 
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• 	The cross section should satisfy the above conditions and should be minimized for the cost of 

construction 

Figure 17.6 shows the cross section of the access tunnel to that of the main linac. The geometry of 

this access tunnel is approximately equivalent to the JR Shinkansen two-lane tunnels. Table 17.1 gives 

the parameters of the access tunnel. 

Access Tunnel 

7.6m 

Figure 17.6: Cross section of the access tunnel to the main linac excavated by NATM. 

Table 17.1: Parameters of excavation of the access tunnel. 

Shotcrete 

Thickness t 0.1 III 

Rock bolts 

Length 

Invert 
Thickness t = 0.2 III 

Air-Intake Shafts and Detector-Hall Access Shaft 

Shafts with a relatively small diameter are required at the middle points between the access tunnels in 

order to intake fresh air during the excavation and machine operation. In the present design, ten shafts 

will be constructed by shaft excavators, as follows: eight shafts for the main tunnels and detector-hall, 

and two shafts for the bunch compressors and injector complex, as shown in Figure 17.5. 

Access to the detector-hall can be provided through a large-scale NATJ\tl access tunnel or large-scale 

JLC Design Study, April, 1997 



571 17.2. NATM 

shaft excavated by NATM. In the present design, the above two options have been studied. The access 

shafts comprise two shafts. 

The first one is for transporting tools and excavation components as well as transporting detector 

components, such as superconducting magnet, cryostat system and electronics. The diameter of the 

shaft is 4> =12.0 m of inner diameter, so that a superconducting magnet having a diameter of 10 m 

can be brought in. The cross section of the access shaft is shown in Figure 17.7. 

Rock Bolts 
..---L=3.0 m 

I 
I 

Superconducting agnet
I
I 6.Om 

- V -  - ttl---

I 
I 
I 

of 
...ILC Detector 

M------10m~--~~1 

Figure 17.7: Cross section of the access shaft to the detector-hall for the accelerator components. 

The shaft is excavated by NATM. 

The second one is for the personnel and workers. The diameter of the shaft is about 4> =6.0 m and an 

elevator and emergency staircase are installed inside. The cross section of the access shaft is shown 

in Figure 17.8. 

The procedure for excavating the shaft is similar to that of the main tunnel by NAT:NI, as shown in 

Figure 17.9. 

Main Tunnels excavated byNATM 

In the third stage, the construction materials are brought into the face of the access tunnels to start 

excavating the main tunnels. A drill jumbo, or drill carriage, with multi-booms and shotcrete spray 

arms, is built from the machine components. In order to shorten the construction period, two drill 

jumbos can be installed in the face of the access tunnel. In this case, each system excavates in different 

directions along the main tunnel, respectively. The excavation procedures by NATM are described in 

the previous section. 
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Figure 17.8: Cross section of the access shaft to the detector-hall for personnel. The shaft is 

excavated by NATM. 

Drilling Elasting Mucking Lining 

Figure 17.9: Excavation procedures of large-scaled shaft by NATM 
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The cross section of the main tunnel would be 12 m in width and 5.8 rv 7.6 m in height, as shown in 

Figure 17.10. This size is relatively wider than highway tunnels with two lanes and railway tunnels 

with two lanes, and relatively higher ratio of flatness. However, an actual long tunnel with a wider 

width by NATM has already been achieved. The experimental line of JR, the Superconducting Linear 

Motor Railway was excavated near Mt.Fuji having a total length of about 35 km. The width and height 

of this tunnel are 12.58 m and 8.8 m, respectively. Since NATM has flexibility in excavation compared 

with the TBM construction method, side-rooms can easily be constructed along the main tunnel. 

These spaces are to be utilized for shield door, electricity, water cooling system and air-conditioning 

systems as shown in Figure 17.11. 

Shielding Wall ( t =2.0m) 

~ 
I 

- 12000 

500 

Figure 17.10: Cross section of the main tunnel excavated by NATM. 

Five patterns of the support system for different rock conditions have been standardized by both 

the Ministry of Construction and the Ministry of Transportation. The pattern of the main tunnels 

is shown in Fig 17.12, which is referred to from the pattern of the tunnel of JR Superconducting 

Linear Motor Railway. The thickness of the shotcrete and the density of the rock bolts provide the 

optimum support for different rock conditions. Figure 17.2 shows the classification of rock conditions 

and examples of the rock mass. Assuming that the main tunnels are excavated in granite rock 

mountain, the patterns required to excavate the main tunnel would be of two types (Pattern V or 

IV). The technical experiences obtained by NATM during more than 20 years in this country shows 

that Pattern III is sufficient to support the granite rock mass under poor conditions. 

JLC Design Study, April, 1997 



574 (;hapter 17. Accelerator Tunnel and Facilities 
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Figure 17.11: Cross section of the main tunnel excavated by NATM. The area of an access door 

between the klystron gallery and the accelerator room. 
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Figure 17.12: Different patterns of support for different rock conditions. 
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Table 17.2: Classincations of the Eve patterns 

Conditions of Rock Mass 

Pattern V Stable 	 Plutonic Rock:(Granite, Granoiorite, Diorite, Gabbro) 

Hypabyssal Rock: (Porphyrite, Quartz Porphyry, Diabase) 

Volcanic 

Pattern IV Fragile 	 Metamorphic Rock, Paleozoic Rock 

Pattern III Crushed Volcanic Rock: (Rhyolite , Andesite) 


Old Tertiary System (Thff, Shale, Sandstone) 


Pattern II Fragment 	 Old Tertiary System (Mudstone, Sandstone, Thff, Silt etc.) 

Pattern I Mironite 	 New Tertiary System (Mudstone, Sandstone, Thff, Silt etc.) 

Tunnels for an Injector Complex and Bunch Compressor 

Figures 17.13 and 17.14 show tunnels for the injector complex and bunch compressors. These tunnels 

will also be excavated by N ATM. 

As shown in Figure 17.13, the injector complex for positron consists of a 10GeV S-band positron 

production linac and a 1.98GeV S-band damping ring injector linac; the bunch compressor consists of 

an 8 GeV S-band pre-linac and a 4 GeV S-band linac. The injector complex for electrons is composed 

of a 1.98 GeV S-band injector linac, and the bunch compressor comprises an 8 GeV S-band pre-linac 

and a 4 GeV S-band linac. The geometry of the main tunnel is adopted to the S-band linacs in the 

injector complex and bunch compressor. 

The pre-damping ring is installed in a hall excavated by NATM since the size of the ring is relatively 

small. The facility of the damping ring is similar to that of the ATF damping ring. 

The damping ring is installed in a ring tunnel excavated by NATM. A hall excavated near to the 

center of the ring tunnel provides a space for installing damping-ring components, such as rf sources, 

power supplies and modules for beam instrumentation. This hall also provides a standard level of 

alignment for the initial installation of the damping-ring components. 
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Figure 17.13: Tunnels of the injector complex and bunch compressor for positrons. 
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Figure 17.14: Tunnels of the injector complex and bunch compressor for electrons. 
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Tunnels for the Collimator and Final Focus System 

Figure 17.15 shows the tunnels for the collimators and final focus system that was originally considered 

for 0.5 TeV JLC-I. At the end of the main linac, the width of the tunnel is expanded from 12 m to 

17 m. The end of the 17 m width tunnel, and the two collimator tunnels are connected. NATM has the 

flexibility to connect tunnels with different geometries. The technology is similar to the construction 

of a large-scaled subway station with subway tunnels. The size of the collimator tunnels is 5 m width 

and 5.8 m height, which is relatively smaller than the access tunnels. The distance between the two 

final-focus system is 48 m at the end of the collimators. 

600m 600m 600m 

-----.:::

~ ~ 

NATMOO 
L-JL-J 

300m 300m 

~;:;:-:~.:'----
S.8m 

Final Focus System 
U 

12m 12m Sm 

Figure 17.15: Tunnels from the main linac to the final focus system, originally considered for 500 GeV 

JLC-J. 

Figure 17.16 shows the tunnels for the final focus system in 0.5-1.5 TeV JLC, which is consistent with 

the design of the final focus system presented in Chapter 13. At the end of the main linac, the width 

of the tunnel decreases from 12 m to 5 m in order to connect the collimator tunnel of 1.2 km in total 

length. The final focus tunnel is followed to the collimator tunnel. The distance between the two 

final- focus system is 20 m at the end of the collimators. 

Tunnels for the Detectors 

Figure 17.17 shows the schematic drawing of the facility from the main linac to the interaction points 

for 0.5 TeV JLC-I (consistent with Figure 17.15). The present design shows that the distance between 

the two final focus system is about 48 m which is sufficient to install two detectors. 
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Figure 17.16: Tunnels from the main linac to the final focus system that is compatible with the new 

layout presented in Chapter 13. 

Figure 17.18 shows the schematic drawing of the facility from the main linac to the interaction points 

for 0.5-1.5 TeV JLC (consistent with Figure 17.16). The distance between the two final focus system 

is about 20 m. The horizontal offset of 200 m between two interaction points provides two detector 

halls. 

We have two options concerning the access tunnels for installing the detector components. One is a 

large-scaled shaft excavated by boring machines. The construction of a large-scaled shaft requires one 

of the most difficult tunneling methods. We have another option of a long access tunnel excavated by 

NATM. The optimum choice should be chosen based on the site conditions and cost estimation. 

A cross section view of the tunnel for the detectors is shown in Figure 17.19. The size of the JLC 

detector design by the JLC physics group is 15 mx 15 mx 15 m. The width is 40 m and height is 26 m. 

The length of the detector tunnel is 190 m, which is sufficient to install two detectors, a maintenance 

area and two access tunnels. 
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Figure 17.17: Schematic view of the tunnel arrangement near to the interaction point of 0.5 GeV 

JLC-I. The initial scheme. 
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Figure 17.18: Schematic view of the tunnel arrangement near to the interaction point of 0.5-1.5 GeV 

JLC. This layout is compatible with the new layout as presented in Chapter 13. 

JLC Design Study, April, 1997 



581 17.2. NATM 
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Figure 17.19: Tunnels for detectors. 
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Total Facility of JLC 


A bird's-eye view of the total facility of the JLC tunnels is shown in Figures 17.20 and 17.21. 


Figure 17.20: Bird's-eye view of the total facility of the JLC tunnels. 

Figure 17.21: Bird's-eye view of the total facility of the JLC tunnels. 

JLC Design Study, April, 1997 



583 17.2. NATM 

17.2.3 Support System for the Accelerator Components 

The supports of the accelerator components should be directly connected to a large rock mass in order 

to avoid any misalignment due to external incoherent vibration. However, a fracture zone comprising 

micro cracks may be produced after excavation by a change in the stress of the rock mass. In addition, 

a fractual zone comprising cracks can be produced by the shock of blasting. The thickness of a fracture 

zone is estimated to be 10 rv 50 cm in a Granite rock mass according to an ultrasonic velocity test, a 

boring test and so on. 

The rock mass consists of blocks of rock pressurized by intense earth pressure. After the excavation, 

a decrease in the stress expands the interstitial of the rocks. By measuring the water flow around 

the tunnels, the coefficient of permeability of the water increases to be ten-times higher than the rock 

mass without excavation. The thickness of the fracture zone around the tunnel is estimated from the 

change in the coefficient of permeability. In a Granite rock mass, the thickness of a fracture zone is 

estimated to be about one radius of the tunnel. 

The change in the stress in the rock mass in the floor is smaller than in the rock mass in the tunnel 

sides. In addition, the rocks in the floor of the tunnels would have a fracture zone caused by the 

blasting as well as the forces from the excavation machines and mucking machines. The floor, where 

the accelerator supports will be installed, should be modified by the rock-bolting method. A base 

plate is directly connected to the undamaged rock mass deep-inside with long rock bolts. 
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17.3 TBM 


The concept of the TBM (Tunnelling Boring Machine) was developed as an open-type boring machine 

in coal mines. The application of an open-type boring machine, the so-called partial face machine, 

road header and partial cutting machines, to the excavation of a rock mountain was started many 

years ago. In this country, its first application was the construction of a railway tunnel in Kyusyu 

Island in 1969. 

The TBM, as a full-face tunneler, was first applied to the construction of a water tunnel of 2.3 m 

diameter at Niihama, Shikoku Island in 1964. A full-face tunneler consists of a rotating cutter head, 

a front body, a second body and a belt conveyer for mucking. The main clippers installed in the 

second body are expanded in the radial direction, and fixed to the inner surface of the tunnel. The 

total thrust force is made by four thrust jacks while the main clippers support the second body. The 

direction of the excavation is controlled by adjusting the thrust force of each jack. In a hard rock 

mass, an intense total thrust force can be generated, and the cycle length becomes shortened. After 

one cycle length, the front clippers are expanded and support the front body. The main clippers are 

ducked and the thrust jacks are shortened in order to move the second body to the front. One round 

of excavation by the full-face tunneler is shown in Figure 17.22. 

The cross section of tunnels excavated by TBM is a circle. At present, the main application of the 

TBM by a full-face tunneler is the excavation of the water tunnels for hydroelectric power stations, 

sewer tunnels, and water-way tunnels. The diameter of the most popular TBM is 2 rv 30 m diameter 

could be constructed in the near future. 

The application of the TBM to the accelerator facility is popular in Europe and US. A part of the 

LEP tunnel was excavated by using full-face tunneler. 

Figure 17.22: Procedure of boring by TBM. 
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17.3.1 Characteristics of the TBM 

The principal concept of the full-face tunneler TBM involves a new type of tunneling method using 

computer-controlled automatic procedures. The environment at the face of a tunnel for workers is 

better than that for a NATM tunnel. In a NATM tunnel a large amount of fresh air is required 

to exhaust the micro dust produced by blasting. The noise environment in a NATM tunnel is the 

continuous sound of air How and instantaneous shock of explosion. The environment in the TBM 

tunnel during construction is quite noisy with continuous sound and vibration generated during boring. 

The cross section of the TBM tunnel is a complete circle. After excavation, the ground (rock or soil) 

which surrounds the tunnel is made to act like a load-bearing ring, enabling the ground to become 

an important support member in itself. In a poor geological section due to abnormal rock pressure 

phenomena, the NATM procedures should be required. The complex of rapidly applied shotcrete and 

rock bolting can improve the situation considerably. 

The excavation procedures by the TBM method are as follows: 

1) Cycle of the boring 

• Main clippers installed in a second body are expanded in the radial direction. 

• 	 The main clippers are fixed to the rock mass bored in the previous round. 

• 	 The pressure of the main clippers to the rock mass should be high so as to obtain the total 

thrust force for boring. 

• 	 The front clippers with a cutter head are ducked, and then the front body is supported by four 

thrust jacks. 

• 	 Start the rotation of the cutter head. 

• 	 Total thrust force is made by four thrust jacks. 

• 	 The direction of boring is controlled by adjusting the thrust force of each jack. 

• Mucking by a conveyer system near to the TBM. A diesel locomotive or battery locomotive is 

utilized for mucking in a long tunnel. 

• 	 When the thrust jacks are completely expanded, the rotation of the cutter head is paused. 

• 	 The front clippers are expanded in the radial direction and support the front body to the rock 

mass. 

• 	 The main clippers are ducked so as to be free from the rock mass. 

• 	 The thrust jacks are shortened so as to move the second body to the front. 
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The depth of excavation in one cycle is determined by the length of the thrust jacks. In general, 2 

3 hours is required for one cycle. Any worn cutters should be replaced with new ones and the boring 

is interrupted for 4 - 7 days. The life-time of the cutter depends on the rock condition. 

Water proofing has not been required for water tunnels bored by TBM. TBM has insufficient ex

perience to be used as a technique for water proofing and lining. For the accelerator tunnel, water 

proofing and lining is one of the most important issues for maintaining a high reliability of machine 

operation. The following procedures would be required: 

2) Water proofing and lining with concrete segments 

• Shotcrete to proof against water leaks. 

• Water proofing with a chemical sheet by using a traveling form. 

• Water flows outside the segment ring 

• Lining with concrete segments 

Concrete segments are utilized for lining TBM tunnels. In general, an invert segment for lining is 

placed on the bottom of the tunnel in order to install the conveyer system at the tunnel's face, and to 

install the rails of locomotives for mucking in a long tunnel. After boring is completed, the concrete 

segments are transported by a segment wagon from outside and attached on the tunnel wall by a 

segment hanger. The standard segment width is about 1 m, and a segment joint is connected by 

bolts. The clearance between the surface of excavated rock mass and the outer surface of the segment 

ring is filled with concrete. The key issue is the technique of the invert segment in the TBM tunnel 

excavated for accelerators. 

The supports of the accelerator components should be directly connected to a large rock mass so as 

to avoid any misalignment due to external incoherent vibration. However a fracture zone comprising 

micro cracks may be produced after boring. The diameter of the tunnel is slightly shrunk by intense 

earth pressure. Consequently, the micro cracks may be produced after boring due to a change in the 

stress of the rock mass. The thickness of a fracture zone is estimated to be 10 rv 30 cm in Granite 

rock. In general, the fracture depth of a NATM tunnel is three-times longer than that of a TBM 

tunnel. 

Even by TBM, the fracture zone under the floor segments would cause loose contact with the accel
erator supports. In addition, the segments interrupt any direct connection between the rock mass 

and the accelerator supports. The role of the segment ring is to support the rock mass and water 

proofing; also, all of the floor segments can not be removed. However, if floor segments are removed 

at intervals, the concrete with rock bolts drilled deeply inside the rock mass would be able to connect 

the accelerator support to the rock mass. 

2) Base for the accelerator support 

• Remove invert segments at intervals. 
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• Shotcrete and rock bolting to construct the base for the accelerator support. 

17.3.2 Design of the Tunnels by the TBM 

A total design of the JLC Facility was carried out by using the TBM. The advantage of the TBM 

is to excavate straight and long tunnels at a higher excavation speed than when using NATM. In 

the present design, the TBM is adapted to bore only the main linac tunnels; all other tunnels are 

excavated by NATM. 

Access Roads 

An access roads are required for the construction of work offices, and to bring in the construction 

materials such as the components of the TBM and NATM. The total number of access points should 

be determined by both the construction period and the total cost of construction. The cost of the 
TBM machine, itself, represents the main part of the total cost of the tunnel construction. In order 

to reduce the total cost of construction, the total number of machines should be reduced by reducing 

the cost of the construction period. The excavation speed of the TBM is higher than that of NATM. 

Assuming a 5-year construction period and a total length of 28 km, the span between the access 

points should be about 3.8 rv 4.4 km, which is longer than the design case of using NATM, as shown 

in Figure 17.23. 

Access Tunnels 

In the second stage the access tunnels are excavated by N ATM to the location of the accelerator 

tunnels, such as the main-tunnel, the pre-accelerator complex, the injector complex and the detector

hall. The requirements of access tunnels are different from those of the N ATM case. The tools of 

NATM include small-size components, and an access tunnel of smaller size is sufficient for bringing 

them into the main tunnel. However, the TBM includes some large-size components, such as the cutter 

head, the front body and the second body. The largest diameter of the TBM is equal to the diameter 

of boring; in addition, a clearance is required during transportation through the access tunnel. 

• Sufficient size for easy transport of the TBM. Some clearance is required for transporting the 

cutter head, front body and second body of the boring machine. 

• 	 Sufficient size for transporting accelerator components can be provided after constructing the 

facility, since the largest size is the boring-machine component. 

• 	 The average slope should be less than 1:10 in order to allow easy mucking by a belt conveyer. 

It is also required for the easy transport of the accelerator components. 

• 	 The cross section should satisfy the above conditions, and should be minimized considering the 

cost of construction. 
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Figure 17.23: TBM Access points to the detector-hall1 main linac, injector complex and bunch 

compressors. 
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Figure 17.24 shows the cross section of the access tunnel to the main linac. The geometry of this 

access tunnel is slightly larger than that of the JR Shinkansen two-lanes tunnels. Table 17.3 shows 

the typical parameters of NATM. 

Access Tunnel 

Air Duct 

Pipe 

9.1 m 

Figure 17.24: Cross section of the access tunnel (excavated by NATM) to the main linac excavated 

byTBM. 

Table 17.3: Excavation parameters of the access tunnel for TBM. 

Shotcrete 

Thickness t = 0.1 m 

Rock bolts 

Length L = 2.5 m 

Density 5.5 bolts/m 

Invert concrete 

Thickness t = 0.2 m 

Air-Intake Shafts and Detector-Hall Access Shaft 

The shafts, such as that for air intake, and access to the detector-hall are common in design in the 

case of NATM described above. 

Main Tunnels excavated by TBM 

In the third stage, the construction tools and materials are brought into the face of the access tunnel 

to start excavation of main tunnel. The largest tool is the head cutter1 front body and second body 
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of the THM (Tunnelling Boring Machine). Figures 17.25 and 17.26 show drawings of the assembly 

space of the TBM before boring of the main tunnel is started. 
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Figure 17.25: Cross section of the preparation space that is required before starting excavation of 

the TBM-based main tunnel. 
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Figure 17.26: Approach to the main tunnel (to be excavated with TBM) from the access tunnel. It 
shows the space that is required for assembling the TBM machine. 

After assembling the TBlvl, a belt conveyer system is installed in the access tunnel and assembly 

space. The TBIvI is connected by wiring with a computer-control system in the worker's office in the 

access point. 

Two options of TBNl tunnels with different diameter have been studied. 
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8 m Diameter TBM Option 

The cross section of the main tunnel after lining would be smaller than the outer radius of the TBM. 

Assuming that the thickness of the lining, including shotcrete is 0.4 m, the effective inner diameter is 

7.2 m. Shielding concrete is required between the accelerator room and klystron gallery in order to 

satisfy radiation shield. Since the cross section of TBM tunnel is completely circle, the double-decker 

style is effective for utilizing the space in a cylindrical tunnel. An access floor should be required 

for installing the accelerator components, maintenance of the accelerator, and emergency escape. 

Assuming that the thickness of the shield concrete is 1.0 m, the cross section of an 8 m diameter TBM 

tunnel becomes as shown in Figure 17.27. The dimensions of the klystron gallery are 7.2 m W x 

3.6 m H, and those of the accelerator room are 2.6 m W x 2.6 m H. An access floor should be required 

for installing the accelerator components, maintenance of the accelerator, and emergency escape. If 
a larger thickness of the shield concrete is required due to radiation-management considerations, the 

height of the klystron gallery and the accelerator room should be less. The effective space depends on 

the thickness of the radiation shielding. 

q, =8 m Option of Main Tunnel excavated by TBM 

TO.4m 

T
H = 3.6 m 

8.0m 7.2m -1D = 1.0 m 

~ 
H =2.6 m 

I.I. 0.4 m 

I- II 

W=2.6 m 

Figure 17.27: Cross section of the main tunnel excavated by the TBl\lf. The option by using an 8 m 

diameter TBM and 0.5 m thickness of the floor. 

10.8 m Diameter TBM Option 

The cross section of the main tunnel after lining would be smaller than that of the outer radius of 

the TBM. Assuming that the thickness of the lining including shotcrete is 0.4 m, the effective inner 
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diameter is 10.0 m. Assuming the thickness of the shield concrete is 1.5 m, the cross section of the 

10.8 m diameter TBM tunnel becomes as shown in Figure 17.28. The dimensions of the klystron 

gallery are 10.0 m W x 5.0 m H, and those of the accelerator room are 5.4 m Wx 3.5 m H. An access 

floor should be required for installing the accelerator components, maintenance of accelerator, and 

emergency escape. 
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Figure 17.28: Cross section of the main tunnel excavated by the TBM. The option by using a 10.8 m 

diameter TBM. 

Comparison of Three Options 

The NATM (W=12 m) tunnel and 4>8.0 m TBM tunnel use the existing technology of civil engineering. 
The largest size TBM which has ever been constructed is about 8 m. It should be possible to construct 

a 4>10.8 m TBM by extending the technology of the 4>8 m TBM and 4>12 m shield-type tunneling boring 

machine now operating. 

Three options for tunnels are compared, as shown in Table 17.4. The unit volume of excavation is 

almost the same between the NATM (W=12 m) tunnel and the 4>8.0 m TBM tunnel. The shape 

of the NATM tunnel is a semi-circle while that of the TBM tunnel is a circle. Two rooms for the 

klystron gallery and the accelerator are required in one tunnel; the rooms should be separated by a 
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thick concrete shield. The concrete shield in the N ATM tunnel is a shield wall, while that in the TBM 

tunnel is floor. In the TBM tunnel, the main linear accelerator is installed on the lower floor and the 

klystrons and modulators are installed on the upper floor. The effective floorage where the accelerator 

can be installed is not wide, since the floor is curved with the radius of excavation. Comparing the 

unit floorage and unit space between the NATM (W=12 m) tunnel and the <p8.0 m TBM tunnel, 

the TBM tunnel has a disadvantage of a circle shape. If a radiation shield of 2.0 m of thickness is 

required for radiation protection, a larger diameter of TBM tunnel is required to keep sufficient space 

and floorage. If the <p10.8 m TBM is used for excavating the main tunnel, sufficient space and floorage 

can be reserved for the klystrons, modulators and accelerator. The total cost of construction has been 

evaluated by rough estimation. The cost of the TBM tunnel depends on the diameter of the full face 

tunneling machine, itself. The cost of construction of the <p10.8 m TBM is l.4-times higher than the 

<p8 m TBM and W=12m NATM tunnel. 

Table 17.4: Comparison of three options of tunnels. 

W=12 m NATM mTBM 

Unit Volume of Excavation 55 

Unit Space with t= 1.0 m shield 

Klystron Gallery 33.3 20.4 39.2 

Accelerator Room 22.2 6.8 21.6 

Unit Floorage (m2 
) with t=1.0 m shield 

Klystron Gallery 7.0 7.2 10.0 
Accelerator Room 4.0 2.6 5.4 

Unit Volume (m3 
) of t=1.0 m concrete shield 6 10 14 

Unit Space (m3 
) with t=2.0 m shield 

Klystron Gallery 30.2 16.8 34.2 
Accelerator Room 13.5 5.5 18.9 

Unit Floorage (m2 ) with t=2.0 m shield 

Klystron Gallery 6.5 7.1 10.0 
Accelerator Room 3.5 2.6 5.4 

Unit Volume of t=2.0 m concrete shield 11 16 23 

1.0 0.95 1.4 

Double Tunnel Option 

The concept of double tunnels was studied using the shield tunneling method at an early stage of the 

R&D, as shown in Fig 17.29. This option can be applied to the TBM double tunnels again, but it 

has not been studied in detail. This option has an advantage that the rock mass between the two 

tunnels can be utilized as a radiation shield, while the other options require a concrete shield inside 

the tunnels. This eliminates the cost of shield construction, and realizes a higher efficiency of utilizing 

excavated space. At a higher rf frequency, the loss in the rf waveguide is not negligible, and shorter 

length of the rf waveguide is preferable for reducing the rf loss in the waveguide. Therefore, several 
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thousands of small tunnels should be required between the two tunnels to transfer rf power from the 

klystrons to the accelerating structures in shortest distance. It is not difficult to bore between two 

tunnels separated by the distance of several meters. However, this increases the cost of the total 

construction. A supplemental radiation shield is required for the waveguide straight tunnels without 

a maze. 

Figure 17.29: Double tunnel option excavated by two TBM. 

17.4 Environmental Control Inside the Accelerator Tunnels 

17.4.1 Air-Conditioning System and Room Temperature 

The design of the air-conditioning system in the main tunnel has been carried out. The temperature 

of the rock mass is relatively lower than the room temperature in the tunnel. If the room temperature 

is similar to the temperature of the outlet air from the duct, the temperature of the tunnel wall is low 

enough to make dew on the wall surface. 

The relation among the room temperature, wall temperature and temperature in the rock mass is 
expressed by the following equation; 
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(Broom - Brock) 
Q:i ( Broom - Bwail ) = 1 d (17.1 ) 

-+{);i >. 

where Broom is the room temperature, Bwall is that of the tunnel wall surface, and Brock is that of the 

rock mass; d is the thickness of wall concrete, A is 1.4 kcal/mhoC, and Q:i is the thermal conductivity 

on the inner wall of the tunnel. The wall temperature can be expressed by 

(17.2)Bwall = Broom 

The velocity of air motion (v) in the tunnel is evaluated to be 0.4 m/s from the total air ventilation 

and cross section of the tunnel. In the case that the velocity of air motion is less than 5 m/s, (Q:i) on 

the rough surface can be expressed by 

Q:i = 5.3 + 3.6 x v. (17.3) 

Consequently the thermal conductivity on the inner wall of the tunnel, Q:i, can be estimated to be 

6.74 kcal/m2hoC. 

The temperature of the rock mass has been evaluated based on the annual temperature change of 

the site candidate. The rock mass temperature is 17°C in the warmest site candidate and 9.8 °C in 

coldest site candidate. The upper limit of the room temperature without making dew on the wall is 

estimated to be 20°C in the warmest district and 22.5 °C in the coldest district. Both temperatures 

are comfortable for persons working in the klystron gallery and accelerator room during maintenance. 

17.4.2 Dewatering and Water Flow in the Rock Mass 

Environmental safeguard is the one of most important key issues under all circumstances during the 

construction of a long tunnel. There are important problems related to water, such as well dry, 

shortage of water, ground water decline and water pollution. There is much experience involving 

countermeasures considered from a technological point of view to construct a long tunnel. 

The radiation not only from the accelerator, but also from beam dumps, should be taken into account, 

since high-energy beams are thrown away at the beam dumps after collisions at the interaction point. 

From the point of a high-energy accelerator, we are interested in the water flow in the rock mass after 

being excavated from a long tunnel. 

During excavation, a large amount of water inflow is sometimes generated at the face in the tunnel. 

This interrupts the excavation of tunnel until the stored water in the rock mass is exhausted. After 

that the volume of water inflow decreases to the small amount at the steady state, which is called 

normal water flow. In a tunnel such as under-see tunnel, and a tunnel in rock mass with a high 

coefficient of permeability, the normal water flow is higher than that in other general-purpose tunnels. 
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There is much data concerning normal water flow in various length tunnels constructed in the past. 

From these data, the normal water flow (Q (m3 Imin)) is expressed by 

(17.4) 

where L (km) is the total length of the tunnel. The correlation coefficient of this equation is 0.53. From 

this equation the normal water flow in the JLC tunnel of 28 km can be estimated to be 5.9 m3 /min. 

In this data, the 30 examples of tunnels with a relatively high normal water flow, such as the Rokko 

Tunnel, the New Shimizu Tunnel and the Tanna Tunnel, show the relation of normal water flow as 

the following equation: 

(17.5) 

By using this equation, the normal water flow in the JLC tunnel of 28 km can be evaluated to be 

11.6 m3 /min. From the above two estimations, normal water flow in the JLC tunnel would be in the 

range of 5.9 to 11.6 m3 /min. After constructing the main tunnel, this amount of water would flow 

outside of the tunnel along the long tunnel. 

17.4.3 Components in Normal Water Flow 

The components in normal water flow in granite, basalt and tuff are given in Table 17.5. 

Table 17.5: Comparison of three options of tunnels. --* indicates that no data is available. 

Granite Basalt 'lUff 

pH 6.64 '" 9.6 7.7 '" 10.0 5.9 "" 10.5 

Eh (mV) -350"" -30 --* --* 
Na (mg/I) 8.3 '" 4037 30.0", 300 50.0"" 56.0 

K 1.0 rv 45 2.51 '" 9.0 4.2 rv 6.8 

Ca 5 rv 1900 1.01 rv 6.5 14.0 rv 10.0 

Mg 0.2 rv 250 1.0 1.9 rv 3.0 

Fe 0.005 rv 9.01 0.3 0.001 rv 0.21 

8i02 12 rv 40 25 rv 100 29.0 rv 70.0 

HCOa- 10.3 rv 286 58 rv 146.0 98.0 rv 135 
CI- 2 rv 5500 14.4 rv 152 6.0 rv 7.5 

8042- 8.6 rv 1560 11.1 rv 108 16.0 rv 22.0 
F- 0.2 rv 3.7 0.7 rv 52.0 2.0 rv 2.3 

BOa- 9.8 --* --* 
H8- 0.01 rv 2.7 --* --* 
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18.1 General Issues 


Figure 18.1 shows a schematic diagram of JLC. There are a number of serious technical challenges 

that we must face when JLC is actually fully designed and built. At the risk of being too simplistic, 

we will list here four major issues: 

1. 	RF Power Sources and Accelerating Structure for the Main Linac 

To achieve e+e- collisions at ECM = 0.5 I"V 1 TeV, we have to build a pair of linear accelerators 

with a high accelerating gradient of I"V 50 MV1m. Even when this high gradient is realized, to 

reach the designated energy goal, we end up with a facility having a total length of 20 I"V 30 km. 

Real estate of this length is considered to be close to the maximum that is realistically available. 

Then, these linacs need to be driven by several thousand klystron tubes that feed RF power onto 

some tens of thousands of accelerating structure units. Notice that no large linear accelerators 

of this scale with such a field have ever been operated in the past. 

Therefore, the first challenge in the development of JLC is how to establish the design of a large 

number of high-field, high-precision accelerating structure units and actually procure them, and, 

of course, how to build reliable high-power RF source systems, and operate them at a high energy 

efficiency with good control. 

2. 	 Realization of an Ultra-Low Emittance Beam and its Focusing 

JLC at ECM 0.5 Te V operation needs to produce a very high luminosity, higher than that 

of TRISTAN by factor 100, despite a much lower collision rate of 100 I"V 150 Hz. One wayI"V 

of increasing the luminosity is to raise the bunch intensity. However, because of the limitation 

of the RF power that can be stored in the accelerating structure and for other reasons, it is 

impossible to raise the bunch intensity in the linac much beyond what has been achieved at 

existing storage ring machines. 

Consequently, a linear collider must look to squeeze the beam size at the interaction point (IP) 

to an extremely small scale, in order to achieve the required high luminosity. In practice, the 

IP beam spot size at an LC usually needs to be smaller than that of the typical storage ring IP 

spot size by I"V 1/1000, which means the order of nano-meters. 

Therefore, the second challenge in the JLC design is to find out how to create extremely low

emittance beams, accelerate them without diluting this small emittance, focus the beam to the 

nano-meter scale, and maintain all of these actions in a well-concerted fashion. 

3. 	 Optimization of Design Parameters 

Any accelerator design work is an act of parameter optimization, and, in a way, a compromise. 

The JLC design is no exception. Actually, the LC design optimization has generally been known 

to be much more complicated than machines in the past. 

For instance, when two nano-meter-sized beams collide, besides the elementary-particle physics 

processes of interest, beamstrahlung photons are emitted because of the very strong electromag

netic field that these bunch particles exert on each other. Also, a large number of low-energy 
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pairs are produced. They are all unwelcome background events for experimenters. The 

number of low-energy e+e- pairs to be produced is related to the bunch population and the 

horizontal bunch size at IP. Therefore, keeping the population of low-energy e+ e- pairs below 

a certain limit means that there is a boundary condition between the bunch population and the 

horizontal beam spot size. These parameters are, in turn, related to the operating condition of 
the accelerator, beam emittance and many other parameters. 

The design of JLC needs to disentangle the myriad of such relations and must come up with a 

set of conditions that can be achieved by realistic hardware construction. 

4. 	 Reliability / Availability / Maintainability 

In addition to achieving a good instantaneous luminosity, a collider facility must deliver high 

luminosity with a good up-time. Otherwise, it is rendered useless for experimenters. Therefore, 

the design of a machine needs to take into account the issues of reliability, availability and 


maintainability of individual components, and also as the entire system. 


This means that the design needs to incorporate certain operational margins. Also, close at

tentions must be paid to many, many details. It is very important for designers to articulate 

what the critical points are in the fabrication, assembly and installation processes of accelera

tor components; and that message has to be clearly communicated to the staff in the field. If 

the field staff finds something not adequately achievable, they must be heard immediately and 

seriously by the designers, and improvement measures should be explored. This is really an 

iterative process that has to continue from an early stage of the design, throughout the entire 
construction phase, and even during the commissioning period. 
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18.2 Where We Are 


RF Power Sources, Accelerating Structure and Low Emittance 

In these two areas we have almost reached the "proof-of-principle" stage, or will be getting there 

during the next year or two. 

One of such items is klystron development. While work at KEK and Japanese industry has not quite 

reached this stage, efforts at SLAC have produced quite stable 65 MW X-band klystrons that can 

produce 1J.tsec pulses at 60 Hz with a respectable efficiency of 47.5 %. This was accomplished by the 

use of traveling-wave output cavities that allow the extraction of high RF power without causing a HV 

break-down; and by the use of stainless-steel material in some parts of the tube to reduce excitation of 

spurious electromagnetic field modes and associated multi-pactoring. Another major progress made 

at SLAC is development of the use of permanent magnets as the creator of focusing fields for electron 

beams to pass through the klystron tube. This improvement totally eliminates the need for the DC 

power that has been previously consumed on the focusing solenoid coils. Also eliminated is the need 

for cooling-water circuits and interlock complications associated with the solenoid magnets. 

Another item that belongs to this area is the development of X-band accelerating structures. The cell 

fabrication and structure assembly here requires a tolerance of 0(10) J.tm or better. While a number 

of technical issues remain, the R&D has reached the point where such a tolerance is claimed to be 

basically achievable. The "Detuned Structure" and "Damped-Detuned Structure" that have been 

developed at KEK and SLAC have shown reasonably good performance in a beam test at the ASSET 

(SLAC) facility during the summer of 1996. The test result demonstrates their real potential for use 

at an LC. It should be noted that all individual cells that are used to assemble those structures have 

been fabricated at KEK. 

Yet, one more item that belongs here is the work at ATF. While ultra-low emittance beams have not 

yet been created at ATF, the commissioning of the ATF damping ring is among the top priority topics 

of JLC R&D at KEK in 1997. The plan is to observe good damping in single-bunch operation by the 

Summer of 1997, and then to proceed with multi-bunch operation. 

Optimization of Design Parameters 

A theoretical understanding of the inter-relationships among various operating parameters are, by 
now, relatively well established. Computerized algorithms exist to numerically analyze the design 

parameters quickly, given an adequately complete set of inputs. Based on such analysis, a list of 

specifications has been given to accelerator physicists responsible for various areas and components 

of JLC. 

The problem to be recognized is that some of the given specifications may not be always achievable 
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in real-world hardware systems. To accommodate such cases, some sort of design margins need to be 

introduced. At present, the feedback process from the hardware staff to the parameter designers in 

this aspect is not quite complete, because of the long time-period required to go through a hardware 

R&D cycle. This will take a long iterative process, during which one should not try to take a hasty 

short-cut. 

Reliability / Availability / Maintainability 

Without doubt, in the next few years' R&D towards JLC, this will become the biggest issue. There 
are obviously several ways to attack this area: for instance, one might argue that we should not jump 

onto too big of a technical challenge in the R&D to begin with; however, another might state that with 

a proper focus of the resources we may see a break-through in a seemingly difficult technology, that, 

once successful, will offer a great benefit to everyone. In short, there is no uniquely superior attitude 

to address this "RAM" issue, and many approaches need to be tried and maintained. An important 

point is to stay open-minded and to encourage the emergence of creative ideas, while clearly noting 

that all of these efforts will have to be eventually put together into one working accelerator system. 

With the project scale of JLC, it is essential to plan ahead for smooth technology transfer to the 

industrial sector. This is so as to ensure timely procurement of a large number of accelerator com

ponents in cost-effective ways. For this reason it is beneficial to have the industry sector involved 

from an early stage of the R&D work. However, it should be also noted that a fundamental under

standing of "requirements, specifications, their rationale and priorities for the hardware" needs to be 

established by the research people who will be responsible for operating the facility. An LC is not 

something for which the scientists simply write a set of specifications and the great industry would 

do everything for us (In fact this has never been the case with any major accelerators anyway). The 

R&D capabilities of research facilities, such as those at KEK and collaborating institutes, need to 

be continuously improved and strengthened. Specifically, it is essential to train a reasonably large 

number of engineering and support staff, in addition to research scientists at a research laboratory and 

collaborating institutes, and to maintain a fair influx of such manpower in a continuous and consistent 

way. 

The reliability of the accelerator system depends not only on radically new. hardware, but also on 

"bread-and-butter" components. They are, for instance, the devices that stabilize the AC power 

amplitude and frequency, standard normal-conducting magnets, magnet power-supplies, all kinds of 

environmental monitor and control devices, cable routing, reduction of ground loops, cooling-water 
flow switches, quality hoses, vacuum pumps, flanges, bellows, safety interlock circuits, crate cooling 

fans, work room in the accelerator housing, availability of cranes and access vehicles in the tunnel, 

abundant air-conditioning capability or humidity-control in the accelerator complex, LAN bandwidth 

capacity and so on. Overseeing the reliability of these items requires a great deal of will-power of 

the accelerator team which maintains the collective memory of lessons learned from past project 

experience as well as the foresightedness towards challenges to encounter at the LC. One thing that 

certainly helps is to avoid demanding this staff to cut the price of the accelerator too much and too 

soon, although the cost-reduction for construction of the real-life LC is certainly a very important, 
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high-priority issue. 

18.3 Remaining R&D and Design Tasks 

The global four-area list in previous sections does not quite cover the specific work items that need 

to be worked on in the next few years. While partially repetitive, and inevitably incomplete, some 

highlighting items for individual subsystems are listed below: 

Parameters 

• 	 The energy and luminosity requirements have been already specified. In addition to the target 

numbers of these goals, it is useful to establish the desired time profile of the energy and lumi

nosity improvement. This is not limited to the timing of transition from the Phase-I (500 GeV) 

to Phase-II (1 TeV) upgrade and beyond; it includes the desired time profile of performance 

improvement within the Phase-I operation, also. This is to clarify how this machine should 

be operated as best competitive and complimentary with respect to other major accelerator 

facilities for high energy physics research. 

• 	 Depending on the outcome of the hardware R&D and also development of new ideas, many 

parameters may require revisions in the near future. For example, a possibility exists in revisiting 

the choice of the bunch spacing (currently 1.4 ns), the aperture of the main linac accelerating 

structure, and some others. 

• 	 Discussions on the so-called "emittance budget" have not been quite complete. This is due 

mainly to many ambiguities, at this moment, in the hardware performance to be obtained in 

the real-life JLC. 

• 	 Simulation studies of the expected luminosity from the entire JLC, including all possible con

struction and operational errors would be useful. However, obviously this is a major undertaking. 

It should also be noted that doing this work without careful preparations could be futile, partic

ularly without having a reasonably thorough understanding of how to adequately parameterize 

and simulate effects of a variety of errors in all JLC subsystems. 

• 	 Characterization and interpretation of the term "design luminosity" needs to be clarified in the 

context above. 

Electron Sources 

• We need 	to develop a thermionic gun system that is capable of producing multi-bunch trains 

whose bunch spacing is 1.4 ns. 
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• 	 It is considered beneficial to implement beam collimation in the pre-injector area. Its engineering 

details should be studied. 

• Likewise, 	we need to develop a 200 k V polarized gun system that is capable of producing 

multi-bunch trains of electrons. A good understanding and techniques need to be learned on 

suppression of dark-currents, reducing the surface field and extending the cathode lifetime. 

• 	 Related to the item above, R&D of a laser system that is compatible with the real-life polarized 

electron gun for JLC must be done. 

• We should re-initiate 	and accelerate the R&D work of RF guns in the near future; likely first 

with unpolarized electrons, then ultimately with polarized electrons. 

Positron Sources 

Positron System Hardware R&D 

• 	 Another testing of the positron-production target material would be useful. This is for re

checking the allowed parameter range of incident electron beam size and intensity. Testing 

should be done with parameters similar to the environment that is planned for JLC. This is so 

that confirmation is made that the considered parameter range would not cause damages to the 

target in a long term. 

• 	 Simulation of the behaviors of electrons and positrons in the region immediately downstream 

of the production target area needs to be done in more details. The study should take realistic 

magnet field errors, and interactions with the RF structure, into account. Reviews must be 

made from an RF-technological point of view. 

• 	 There is a good possibility that use of an L-band accelerator is preferred, instead of S-band, in 

the positron collection section. This issue needs to be investigated. If it turns out that the L

band frequency is, indeed, preferred, specific hardware R&D for such a system has to be started 

soon. Incidentally, at this moment, L-band is the preferred technology for the RF system of the 

first-stage bunch compressor, also. 

Positron System Design Work 

• 	 Engineering design of the positron production system, including the rotating production target, 

with long-term stability and reliability in mind, has to be established. 

• Detailed design of the high-current 10 GeV electron linac, for producing electrons to impinge on 

the target, has to be established. 

• Design details of the positron pre-damping ring need to be reviewed. It needs to improve the 

equilibrium emittance, and, if possible, the dynamic aperture. A total system design is required, 

including the injection / extraction kicker systems. It might be better (or worse) to design the 
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pre-damping ring to be capable of storing three or more bunch trains simultaneously. This issue 

needs to be examined. 

• 	 The positron pre-damping ring may suffer from photo-electron-induced instabilities. Solutions 

need to be explored, possibly with a bunch feed-back system and careful shaping of vacuum 

chambers. 

Damping Rings 

Figure 18.2 shows a schematic layout of JLC that expands the area of the injector, damping ring, and 

bunch compressor sections. The broken line indicates the part whose prototype has been built in the 

ATF project at KEK. 

Damping Ring R&D 

• We must commission the ATF, and learn and absorb as much as we can from this facility. We 

must prove that ultra-low emittance multi-bunch beam can be created, controlled, and measured. 

It is noted that a large amount of operational experience to be gained at ATF would be fed back 

to all aspects of the final design of the damping rings, including the ring RF system, vacuum 

system, magnets and others. 

• Injection and extraction kicker magnets with a high-quality flat top and fast rise- and fall-times 

for multi-bunch operation of the damping rings are crucial for stable operation of JLC, even if 

a double-kicker system would be implemented for extraction. A thorough understanding of this 

issue will require more hardware R&D and prototype studies. 

Damping Ring Design 

• 	 For making the final choice of the lattice scheme, obviously some more systematic and compar

ative studies of several lattice configurations are required, as discussed in section 5.2. 

• 	 Use of long sections of wiggler magnets in the real-life damping rings is very likely. Possibilities 

must be considered for cases where various excitations of those wiggler magnets are used. This 

leads to a varying ring circumference. Provisions must be made to operationally adjust the ring 

circumference and/or the ring RF frequency to cope with such possibilities. 

• 	 Dynamic aperture and its sensitivity to the construction and operational errors needs much more 

systematic studies. For the positron system, this issue needs to be considered in conjunction 

with the design of the pre-damping ring, and the expected positron beam emittance from the 

production area. 

• 	 Potential problems with the Fast Ion Instabilities (FEI) in the electron damping ring, and the 

Photo-electron-Induced Instabilities (PEl) in the positron damping ring could be quite serious. 
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BC2 BC2 bunch length = 90 11m 
S-band linac 100m long Chicane 

X-band Main-linac 
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Figure 18.2: Scbematic layout of JLC tbat expands tbe area of tbe injector, damping ring, and 

buncb compressor sections. Tbe broken line indicates tbe part wbose prototype bas been built in tbe 

ATF project at KEK. 

Their expected magnitudes and possible cures must be investigated. Experience to be gained 

from operation of the ATF damping ring, as well as that of KEKB and PEP-II B-factory and 

other high-current storage rings, would be extremely helpful in understanding these, and to 

come up with applicable solutions. 

Bunch Compressor and Pre-linacs 

Bunch Compressor and Pre-linac R&D 

• 	 ATF Damping Ring at KEK may allow to test a scheme of the first-stage bunch compressor 

(BCl), and an upstream portion of the pre-linac. Figure 18.3 shows a schematic diagram of 

the ATF test site at KEK. The figure includes a possible extension of ATF that accommodates 

the first-stage bunch compressor, followed by a test section for the pre-linac or the main linac. 

However, while this testing would be very useful, the time and resources required to conduct such 

work need to be carefully examined in the context of the schedule of the design and construction 

of JLC. 

• 	 An L-band RF system needs to be developed for use at BCl. 

Bunch Compressor and Pre-linac Design 

• 	 For the X-band JLC, performing the second-stage bunch compression (BC2) at 10 GeV appears 

adequate. However, whether the injection to the X-band main linac should take place at the 
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Figure 18.3: Schematic plan view of ATF at KEK. As of early 1997, the injector linac and the 

damping ring are completed, and are in operation. This figure includes a possible extension of ATF 

that accommodates the first-stage bunch compressor, followed by a test section for the pre-linac or 

the main linac. 

same 10 GeV can still be debatable. A use of S-band or C-band linacs between the BC2 exit 

and the 20 GeV or so X-band linac injection point may have some advantages. Such a scenario 

involves a number of possibilities on the accelerating gradient and the focusing strength of the 

FODO lattice to choose from. This issue has not yet been fully studied. 

• 	 The design of the pre-linac requires more work, in particular, concerning the choice of the 

beam-loading compensation scheme. 

• 	 Designs of the bunch compressors and pre-linacs that are compatible with the C-band scheme 

(Le. bunch length = 200t-tm) are still missing. 

X-band Main Linac Beam Dynamics 

• 	 More work on understanding the behavior of wake-field is required so that we would be able to 

evaluate effects of all varieties of possible defects that can be introduced during fabrication, as

sembly and installation processes of accelerating structures, as well as numerous run-time errors 

during operation of JLC. They are essential for refining the main linac design, for determin

ing the adequate injection energy, and also for making the decision on the type of accelerating 

structure to adopt. 
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• 	 At ASSET facility of SLAC, the transverse wake-fields have been experimentally measured with 

a couple of accelerating structures, including our DS prototype. While the agreement between 

the measurement and calculations is generally good, there are some inconsistencies that need to 

be reconciled or be understood. 

• While evaluating the effects of linac errors considered in Chapter 8, coupling effects from the 

horizontal (x) to the vertical (y) plane have been ignored. How this assumption is appropriate 

needs to be examined. 

• Simulation studies of the expected luminosity from the entire JLC, including all possible con

struction and operational errors, where realistic error correction techniques are applied in a 

manner similar to a flight-simulator air-pilot training system, would be useful. 

• 	 The tunability and operability of the main linacs (and also other SUbsystems of JLC) need to 

be examined in conjunction with possible ground-motions and measures to damp them, which 

are either passive or active. Some pilot studies and measurements have been done in Japan 

concerning the ground-motion spectra at various sites. However, their results have not been 

integrated in the design studies presented in this report. This will have to be done soon. 

X-band Main Linac Accelerating Structures 

Structure R&D 

• 	 R&D towards industrial mass-production of accelerating structure is essential. There are ma

jor issues to address regarding cell fabrication and structure assembly, in particular, diffusion 

bonding. We still need to thoroughly refine the techniques currently used within the lab, then, 

industrialize the procedure for mass production. 

• 	It should be noted that irrespective of the final choice of the accelerating structure to adopt, 

the techniques to be developed as stated above will be indispensable. 

Linac Design 

• 	The final choice of the accelerating structure must be made in the not-so-distant future. Man

ufacturability of several choices, as well as their required installation tolerances need to be 
sufficiently evaluated. 

• 	 In addition to the type of the structure, the choice of the accelerating field gradient, structure 

aperture, group velocity, structure length and others may have to be revisited. 

• Implementation of some sort of RF-BPMs for precise alignment of the structure with respect to 

the beam is essential. This has to be done in the sense of engineering design, which also includes 

the design of a structure support system with, most likely, a mover mechanism. 

• Implementation of some sort of beam spoiler to protect the irises need to be included in the 
structure design. 
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• 	Pros and cons of several beam-loading compensation schemes need to be evaluated, and a choice 

has to be made in the not-so-distant future. This is an important issue common to alllinac RF 

systems (both low-energy and high-energy) within any LC. There, the studies of beam-loading 

compensation should take the effects of higher modes into account. 

X-band Main Linac Power Sources 

• We must completely establish the technology related to the X-band RF power source, i.e. power 

conversion, klystron power-supplies and klystrons. While SLAC in U.S.A. is rapidly establishing 

the technology of 65 MW-class klystrons, this has not yet been done in Japan. 

• Development of highly efficient klystron modulators is still in its infancy world-wide. The work in 

this area needs to be much accelerated, with special attention to the system efficiency, long-term 

reliability, maintainability and cost reduction. 

• Development of DLDS should be vigorously pursued. Technical details and tuning techniques 

of this scheme needs to be addressed through a series of low-power and high-power tests. 

• While DLDS is very attractive in terms of power efficiency and component count, the nature 

of the scheme forces us to have three (or four) clusters of accelerating structures, distributed 

over a length of '""" 80 m or more, to be driven by a common power source unit. This can be 

problematic in a low-energy part of the main linacs from a viewpoint of fine RF phase control 

and lattice management when, for instance, a klystron failure takes place. A sophisticated RF 

control software and associated control hardware need to be developed. It may be that SLED-II, 

BPC or SLED-III should be introduced in an upstream part of the main linacs. This issue needs 

to be quantitatively investigated. 

• Details of the so-called "low-level" RF system, including master oscillators, delivery of its signals, 

boosters, monitors, phase controls, local RF feedback systems and others for JLC, have not yet 

been established. Systematic surveys of these issues need to be initiated soon. 

• 	 Practical details of possible energy upgrade scenarios need to be re-examined. 

X-band Main Linac Installation Issues 

• Systematic studies have been recently started for component installation and alignment in the 
JLC X-band main linacs. Some hardware development has been already done for the ATF 

injector linac in this area. However more organized studies and design work have to be made 

on the accelerator support structure, alignment and measurement schemes. 

• 	The work above needs to take the existence of various additional components into account; 

examples include quadrupole magnets, waveguides, beam position monitors, tubing for cooling 

waters, vacuum pumps, and a variety of monitor instrumentation. 
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• 	 The work above needs to be done with particular attention to how to industrialize the fabrication 

process of the accelerator support and associated hardware components. 

• 	 Issues of ground motions need to be taken into account in the work here. 

• 	 All the issues mentioned above should be applicable to other parts of the JLC. 

C-band Option 

• 	The topics of R&D tasks in the C-band main linac system are similar to those required for the 

X-band. 

• 	 After conducting the low-power testing of the accelerating structure, SLED-III pulse compression 

cavities, and initial testing of the klystron, the next step is to perform a high-power "string-test" 

of a complete RF power source unit which comprises a set of klystrons, waveguide, SLED-III 

and a choke-mode structure. 

• 	 Importance of low-cost, high-efficiency modulators is recognized and some design work has been 

started. This effort should be encouraged. 

• 	 Cross-fertilization between the C-band backup technology and new ideas there, and the efforts 

for and results from X-band main linac scheme needs to be encouraged. 

Beam Delivery and Beam Collimation 

A revised final focus optics which can cope with beam energies ranging from 125 GeV up to 750 GeV 

have been presented. However, 

• While the magnet and operational tolerances of this system are expected to be similar to those 

presented in the JLC-I report for the 250 GeV (beam energy) system, specific calculations have 

not yet been made. So, they need to be done. 

• 	 As stated in Chapter 13, various advanced techniques in improving the performance of the final 

focus optics design could be incorporated. 

• 	 Engineering studies of the collimator designs must be made. Additional beam testing of colli
mator materials to confirm the currently-conceived beam damage limit would be useful. 

• 	 Engineering design of the component support and alignment systems required for this area may 

be similar to those which would be developed for the main linacs. If special considerations need 

to be made in some areas in the final focus, they need to be identified time early, and specific 

hardware design work must be initiated soon. 

• 	 Hardware system design of the crab-crossing cavities needs to be developed. 

• 	 Design of the beam-line after the collision point towards the beam dump needs to be developed. 

Special attention should be paid to aspects of radiation safety. 
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Interaction Region 

The basic concept of the design of the beam masking near the collision point has been presented. The 

scheme appears reasonable. However, a whole set of design reviews from an engineering point of view 

are missing. 

• 	 Specific engineering designs of the final-focus quadrupole magnets together with the shielding 

solenoid need to be examined and established. 

• 	 Design of the hardware support structure in the vicinity of the detector has to be established, 

with special attentions to isolation of ground motions and environmental noises. 

Two-Photon Option 

There has been substantial progress in the understanding of the beam-beam interaction issues, in

cluding the laser-electron interaction, and such properties as the luminosity distribution and beam 

background. Remaining major issues are: 

• 	 Development of high-average-power lasers for producing a sufficient flux of Compton-scattered 

photons. 

• 	 Laser optics for high-power density, including techniques for laser-pulse recycling. 

• Development of an optional magnet system for sweeping out spent-electrons. 

• Design of an interaction region complex which includes all of the items listed above. 

Beam Instrumentation and Control 

• Development of beam instrumentation that is capable of dealing with multi-bunch trains has 

to be continuously pursued. So far, ATF at KEK has been operating at 2.8 ns bunch-spacing 

within a bunch train. The beam instrumentation set at ATF is one of the most advanced in the 

world to use in multi-bunch environments. Nonetheless, more work is needed to handle 1.4 ns 

bunch separation. 

• 	 Fast beam controls and orbit / energy feed-back systems are essential for stable operation of 

JLC. A number of working ideas in this area have been already invented and implemented for 

SLC. However, their applications to the JLC environment need to be individually, carefully 

examined, and, if necessary, substantial improvements and innovations must be added. This is 

because the required accuracy and the speed of the beam control at JLC would be much more 

stringent than those at SLC. 
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• 	 A number of beam dumps and beam repetition rate controls need to be implemented in the 

JLC beam line as suitable beam disposals. This is so that they serve as radiation safety mea

sures during the beam tuning and commissioning period. They need to be incorporated in the 

engineering design of JLC from the beginning, not as an after-thought. 

• 	 Related to the item above, special beam diagnostic sections should be introduced with an ample 

amount of beam instrumentation at key junction points within the accelerator complex. Ex

amples include: places near the damping-ring injection / extraction points, BC1 - arc - BC2 

junctions, injection point into the main linacs, several points along the main linacs, and the 

main linac exit. 

• General issues of machine protection needs to be systematically and thoroughly reviewed. Its 

engineering solutions must be devised with sufficient operational margins and reliability. 

• 	The technology of the computers and the network to use at JLC accelerator control system natu

rally would be of the state-of-the-art models available, when the JLC is to be built. Nonetheless, 

it would be helpful to evaluate the data transfer rate and network bandwidth required for sat

isfactorily smooth operation of JLC time early. 

• 	 Although the need for development of a solid low-level RF control system has been already 

mentioned, it is worthwhile repeating it here. 

Facilities 

• 	 A set of descriptions on the site and infrastructure requirements and models need to be re

evaluated and established. 

• 	 Several tunnel excavating techniques have been examined. Their evaluations must be continued 

so that we maintain more than one technological options at hand. Field-measurement data on 

the tunnel stability in various site conditions should be collected with maximum efforts. 

• Engineering design of the temperature, humidity and vibration controls inside the tunnel needs 

to be more thoroughly devised. 

Overall 

• 	 On all subsystems, evaluation of possible construction techniques and schedules need to be 

developed and established. 

• 	 Cost estimates need to be made, with adequate contingency plans. 

• 	 Cost reduction must be attempted. However, one should note the discussions in section 18.2. 

Balancing has to be considered with respect to the system reliability, should there be specific 

conflicts with cost reduction. 
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• For remaining major R&D tasks, requirements for possible new test facilities must be identified, 

and a prioritized list must be produced. 

• 	 The list of essential work items above needs to be continually updated, based on new out

comes from the R&D efforts. Consistent yet flexible management of available resources must be 

executed without hesitation. 

• 	If we are to start construction of JLC (or LC in general) in the early next century, the next few 

years would offer the last occasion in which the overall technical design strategies and choices 

can be re-examined. At some point a major review of all technology choices considered for JLC 

must be made; it has to happen in a not-so-distant future. 

• 	 Operational issues, including various safety and environmental concerns, need to be identified 

and be addressed. 

Figure 18.4 shows an example time chart of how the R&D schedule will have to be like if we are to 

start construction of JLC in the year 2001. 
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Start Finish I 1996 I 1997 I 1998 I 1999 I 2000 I 2001 I
Activity Name Date Date ~n~ 3rdi4thll st ~n~3rdI4thllst~nd 3rdi4thl1 st~n~3rdi4thllst ~n~ 3rdl4thl1 st ~n~3rd4thllst 

4/1/96 3/31/97 3131 ?(J)LC Design Study 

LC97 

Various intemat'l I 
Collaboration, etc 

9/1/96 3/31/00 Prep Prototype LowlHigh-power testing DLDS Prototype 
work 

ATF Linac Studies 12/1/95 3/31/97 <', wi#Bvwjl +* > 

2/1/97 10130/98ATF DR Studies 

? 12/31/97ATF Building 
Extension 

9/1/96 7/2/97 

9/1197 11/1/98 


ATF Bunch Design Construction Studies .... 
Compressor 

11/1/98 111100 

9/1196 1/30/98Structure test at 
ATF/KEK 4/1/98 1011/99 Design Construction Studies .... 

1111/99 911100 
8------~VLL-........7~·m4E"EAE4~#> 


Possible Time frame ... ?9/1/97 2/1/99 DesignDLDS Acceleratioor 
4/1/99 4/1/00test at ATF/KEK 8--------VLL....~R~§mE~,E~E~~~M>
4/1/00 3/30101 

4/1/97 7/1/98Klystron Test Fadlit) 
7/1/98 3/31/00 

NOTE: The entire schedule reflects a much 

optimistic thinking. The reality mayor may not cooperate. 


Figure 18.4: A time chart that shows how the R&D schedule will have to be like if we are to start 

construction of JLC in the year 2001. 
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